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Figure1: Thegraphicsdebuggingenginepresentedin this papermakesit possibleto capture,manipulateandvisualizea wide rangeof data
from thegraphicspipelinewithoutmakingchangesto theunderlyingapplication.

Abstract

We presenta new, uni�ed approachto debugging graphicssoft-
ware. We proposea representationof all graphicsstateover the
courseof programexecutionasa relationaldatabase,andproduce
a query-basedframework for extracting,manipulating,andvisual-
izing datafrom all stagesof thegraphicspipeline. UsinganSQL-
basedquerylanguage,theprogrammercanestablishfunctionalre-
lationshipsamongall thedata,linking OpenGLstateto primitives
to verticesto fragmentsto pixels. Basedon theChromiumlibrary,
our approachrequiresno modi�cation to or recompilationof the
programto be debugged,and forms a supersetof many existing
techniquesfor debugginggraphicssoftware.
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1 Intro duction

Thegraphicspipelineembodiedby today's3D renderingplatforms
hasa complex naturethatde�es classi�cation. Froma high level,
it appearsasa coarse-grainedpipeline.Yet on closerexamination,

it seemsat onceboth a streamingarchitectureanda SIMD archi-
tecture. Programmingthe variousstagesof this pipeline to pro-
ducesomedesiredrenderingoutputresemblestheorchestrationof
a symphonicmasterpiece,to beconductedat run-timeby codeon
theCPU.

As dauntingaswriting suchmoderngraphicssoftwareis, however,
it palesin comparisonto the taskof debugging thatsoftware. The
tried-and-true,standarddebugging tools only give accessto vari-
ablesontheCPU,losingtrackof dataonceit passesinto thegraph-
ics API. In general,tracking the databeyond that point requires
theprogrammerto makeextensivemodi�cationsto thecodeon the
CPUaswell ason theprogrammablevertex andfragmentproces-
sors.Suchdebuggingtechniquesareakin to theclassicapproachto
debuggingwith print statements,exceptthatin thiscase,it is much
more dif�cult to extract the variablesto be printed, and the data
sizesareconsiderablylarger.

Fortunately, thereareseveraltoolsthatcanassistin this task.Some
give accessto the OpenGLstate, including statevariables,log-
ging calls, reportingerrors,etc. Othersprovide meansof stepping
throughafragmentor vertex program.However, noneof thesetools
provide a meansof debugging the entirepipeline— the dataare
scatteredacrossthepipelinewith scantrelationsbetween.

In this paper, we presenta new, comprehensive approachto de-
buggingsoftwareon thegraphicspipeline. All thedatathatexists
throughoutthegraphicspipelineduringprogramexecutionis rep-
resentedin asetof virtual tables.Wede�ne aquerylanguagebased
on SQL to extract andinstantiatethe desiredportionsof theseta-
bles,thenmanipulatethemusingrelationalalgebra.This provides
a powerful mechanismfor not only gettingat thedata,but for un-
derstandingthe relationshipsamongthe data. For example, it is
easyin this framework to establishthe relationshipsof primitives
to verticesto fragmentsto pixels,andonecantracetheoriginsof
particularpixelsor examinethe legacy of particularprimitives. In
somecontexts, it is helpful to inspectthe outputof a queryin the
form of a raw tableof numbers.In otherswe �nd that it is espe-
cially usefulto employ visualizationtechniquesto browsethedata
in amoreintuitive fashion.

A key featureof our approachis that it doesnot requirethe pro-
grammerto rewrite any applicationcode, but simply to run the
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applicationusingour dynamically-linked,OpenGLreplacementli-
brary. Basedon the infrastructureof the Chromiumlibrary, the
debuggernon-invasively interceptsthe necessaryportionsof the
OpenGLcommandstream.The main applicationcontext is guar-
anteedto renderexactly asbefore. Meanwhile,a separatedebug-
gingcontext gatherstherequesteddata,performsrelationalalgebra
operations,and shipsthe resultsoff for visualization. Thus one
canrun the applicationat interactive rates,navigate to a location
of interestfor debugging,and initiate debugging for the graphics
framesthatfollow. Duringdebugging,theapplicationwindow con-
tinuesto renderasexpected,but thedebugger's userinterfacealso
providesvisualizationof the querieddata. Onecandebug a sin-
gle frameof interest,or allow theapplication's main loop to keep
running,updatingthedebuggingvisualizationasit proceeds.The
performanceof this processwhile debuggingqueriesareactive is
dependenton thecomplexity of theparticularqueriesandtheir vi-
sualizationtasks.

Thispapermakesanumberof contributionsto thestateof theart in
debugginggraphicssoftware.Wede�ne amappingof datafrom all
stagesof thegraphicspipelineto asetof datatablesandarelational
languagefor selectingfrom thesedataandestablishingtheir inter-
relationships.This novel approachprovidesa rich environmentin
which to poseandsolve debuggingproblems.Othergraphicsde-
buggingsolutions,suchasOpenGLstateaccessandgenerationof
RGB imagesfrom fragmentprogramdata,area subsetof what is
possiblewith ourapproach.In thissetting,programmersaskthem-
selvesnot if they cangetatsomeparticulardataor relationship,but
howto do it mosteffectively. Our languageanddebuggerprovide
thenecessarytools.Wefocushereprimarily on thecoredebugging
facilities,whatwe termthedebugging engine. Giventhis compre-
hensive debuggingengine,it is possibleto build a varietyof more
high-level tools and implementa numberof strategies for debug-
ginggraphicsapplications.

2 Related Work

Although trivial programsmaybedebuggedpurelyby inspection,
mostdebuggingtasksbene�t from the extractionof datafrom the
programexecutionenvironment. In somecases,the programmer
may modify the programto extract thesedata (such as adding
print statements),but it is generallymoreconvenientto usesome
moreautomateddebuggingenvironment.

Text-baseddebuggers,suchasdbx [Linton 1990], gdb [Stallman
1989],andCodeView, provide theprogrammerwith interactiveac-
cessto programdataduringexecution.For example,theprogram-
mercanstepthroughcode,examinevariables,setbreakpointsand
conditionalbreakpoints,traversethe scopeson the currentstack,
etc. Similar debuggingmethodologyhasbeenemployed sinceat
leastDEC's PDP-1debugger, DDT [MIT 1961]. Graphicalde-
buggersandintegrateddevelopmentenvironments(IDEs), suchas
xdbx, xxgdb,DDD [Zeller andLütkehaus1996],Saber-C [Kaufer
et al. 1988], Visual Studio,XCode,etc.,addgraphicaluserinter-
faces,including widget-baseduserinteraction,morevisual repre-
sentationsof datastructuresand programsas graphs,as well as
providing facilities for codedevelopmentandcompilation. These
sortsof debuggersenjoy near-universaladoption,andareexcellent
toolsfor debuggingasinglethreadof programexecution.

In general,additionaltool supportis requiredto extendthis model
to parallel and distributed environments. Debuggerslike pdbx,
pgdbg, DDT (by Allinea Software), and TotalView extend this
break/step/continuedebuggingmodelto MPI andOpenMPexecu-
tion environmentsfor distributedprocessesandmulti-threadedap-
plications.Theprogrammeris givenadditionalcontrolsto manage

thesecommandsover several processes,and can apply the com-
mandsto anindividualprocessor groupsof processes.Evenso,the
task of managingand interpretingthe databecomesincreasingly
complex with theadditionof parallelism.

To dealwith parallelismatmassivescales,debuggingenvironments
suchasIVE [Friedelletal. 1991]andPrism[Sistareetal. 1992]for
ConnectionMachinesandMPPEfor theMasParprovidevisualiza-
tionswhichmapprocessorsandtheirdatato coloredpixelsor other
smallglyphs,suchasarrows.

It is not surprisingthatsuchpixel-baseddebuggingtechniquesare
commonon systemsdesignedfor computergraphics.As thecom-
monwisdomgoes,“the bestway to debug graphicsis usinggraph-
ics.” Given a pixel-basedshaderprogram,a programmerredi-
rectssomescalaror vector quantity to the location reserved for
the shader's outputcolor (after scalingandbiasinginto the valid
color range). A skilled observer cansometimesmake inferences
aboutthedataby inspectingtheresultingimage,or caninspectin-
dividualvaluesin animageviewer. In PixelFlow'spfmanlanguage,
thecompilercouldinstrumenta fragmentshaderto dumpanimage
for any single lvalue in the program. This wasdoneby settinga
uniform parameterto an instructionnumber, thusavoiding an ex-
pensive recompilationprocess[Olano2005]. Image-baseddebug-
ging of fragmentshadersaresimilarly commonfor SGI's OpenGL
Shaderand for RenderMan[Stephenson2000] (which can dump
many variablesatoncebecauseit is apuresoftwarerenderer).

Thereare a numberof debuggersfor fragmentprogramson to-
day's PC graphicshardware with a rangeof capabilities[Purcell
2004]. Imdebug[Baxter2002]providesprintf-stylestatementsthat
the programmercanaddto codeto bring up the shaderoutput in
animagewindow. Shadesmith[PurcellandSen2003]allows step-
ping throughfragmentprogramsto inspectindividual variablesas
images.Apple's OpenGLShaderBuilder allows debuggingof in-
dividual shadersin a stand-alonefashion,but not in thecontext of
the real applicationprogram. Microsoft's ShaderDebuggerTool
operatesusinga softwarerasterizer, providing accessto vertex and
fragmentdatafor DirectX Programs.Thevisualizationaspectsof
thesetoolsaregenerallyrestrictedto thefragmentprogramportion
of thegraphicspipeline.

The ATI RenderMonkey and NVIDIA FX Composertools' ap-
proachto shaderdevelopmentsidestepthe issueof debuggingby
usingaGUI to build aasceneoutof awidevarietyof basicgraph-
ics “building blocks”. Becausethis approachallows shadersto be
changedon the �y , the basicchallengesof shaderdebuggingare
avoided.

The debuggersabove can be supplementedwith additional tools
that instrumentthe OpenGL API calls. Tools like Microsoft's
PiX [Microsoft 2005], gDEBugger [Graphics Remedy 2005],
GLIntercept[Trebilco2004],andGLSurveyor [Gould 2005] track
andlog all graphicsAPI calls, reporterror conditions,andlet the
programmerlook at thestateassociatedwith contexts while walk-
ing throughtheapplication.

While thesedebuggingtoolsperformusefulfunctionsandcancer-
tainly increasetheprogrammer's ability to investigatea varietyof
bugs that occur in graphicsapplications,the datathey report are
dif�cult to relateto oneanother. At thevertex andfragmentlevel,
they also tend to follow the myopic approachof standarddebug-
gers,presentingdatain a program-counter-orientedfashion.(For a
qualitativecomparisonof tools,seeFigure2.)

Thereareaseveralalternativedebuggingconceptsfrom outsidethe
graphicsdomainthathave someof thecharacteristicswe areseek-
ing. The�rst is theconceptof omniscientdebugging [Lewis 2003],
which includesa debuggerthatcapturesall programstateover the
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Application State Texture V. Shader F. Shader Postprocessing
Tool Integration Debugging Debugging Debugging Debugging Pro�ling via

DirectX9/MicrosoftPiX Yes Yes Yes Emulation Emulation Yes GUI
NVPerf Yes No No No No Yes None

PixelFlow Yes No No No Yes No Image�les
AppleGL Tools Yes Yes Yes No No Yes GUI
gDEBugger(etc) Yes Yes Varies No No Yes GUI

RenderMonkey/FX Composer No No No No No No GUI andshadereditor
ThisPaper Yes Yes Yes Yes Yes Yes GraphicsQueryLanguage

Figure2: Thereis considerablevariety in currentlyavailablegraphicsdevelopmenttools. Sometimesthe tool integrateswith unmodi�ed
applications.Most toolsallow examinationof textual state,e.g. viewport coordinates.A limited numberof thesetoolsalsoallow textures
to beviewed. Line-by-linedebuggingof vertex andfragmentshadersis becomingmorecommon.Sometools, like RenderMonkey andFX
Composer, avoid thedebuggingparadigmentirelyby allowing on-the-�y reloadingof shaderprograms.Performancepro�ling is themost
universallysupportedfeatureof graphicstools. However, the methodusedto study the dataobtainedby all of thesetools is universally
limited: sometoolsto performanalysisusingaGUI while othersoutputtext or image�les.

entireprogramexecution. This ideais primarily usedto allow the
programmerto move backwardaswell asforwardin time over the
programexecutionduring the debuggingprocess.Anotheruseful
conceptis query-baseddebugging[Lenceviciusetal.1997].Lence-
vicius et al. proposea debuggingframework in which queriesare
usedto to searchoutdatawith speci�c propertiesandrelationships
from amongstthestateof astandardCPU-basedprogram.

Theseconceptsarerelevantto ourdebuggingenginefor thegraph-
ics pipeline. We do not explicitly captureall dataasin the omni-
scientdebuggingtechnique,insteadorganizingthedatainto virtual
tablesthat arethenbuilt only in responseto userinput. The user
interactswith thesetablesusingrelationalalgebraqueries,provid-
ing auniformmechanismto controlthecapturing,organizationand
data-manipulationprocessesthatareinvolvedin typical debugging
sessions.This approachis tightly coupledwith the useof visual-
izationtechniqueswhereverappropriate,for examplemappingdata
elementsto pixels to helpdebuggingscalarquantities.Theuseof
relationalalgebraallowsasimplesetof visualizationmodulesto be
extendedto solve a varietyof debuggingandproblems.While vi-
sualizationhasbeenappliedto thedebuggingof graphicssoftware
many timesover theyears,it hasnotbeenappliedin suchageneral
mannerto dataextractedfrom insidethegraphicspipelineitself.

3 Query-based Approach

Thestandardapproachto debuggingaprogramby sequentiallyfol-
lowing the progressof the CPU's programcounterover time has
beenin usesinceat least1961 [MIT 1961]. Although this tech-
niqueworksreasonablywell for tracingprogramson a singleCPU
or even multiple CPUs,it is moreproblematicfor debugging the
entire graphicspipeline. In particular, considerthe �o w of data
elementsfrom the vertex processingstage,throughthe rasteriza-
tion, andto thefragmentprocessingstage.For triangleprimitives,
thereis a three-to-onerelationshipof dataelementsgoingfrom the
vertex processorto the rasterizer, andthenthereis a one-to-many
relationshipfrom therasterizerto thefragmentprocessor. It is hard
to conceive an effective linear time sequenceto follow datafrom
thestartof thepipelineto theend.

ConsiderinsteadamodelwhereindividualgraphicsAPI commands
contributenew rows to anorganizedrelationaldatabase.Someta-
bles track the OpenGLstatewhile otherstrack triangles,vertices
andfragmentscreatedin thepipeline.Usingstandardrelationalop-
eratorswe cannot only restrictour query to speci�c partsof the
databasebut alsostudy the relationshipsamongthe datathat are
often lost in standarddebuggingapproaches.This working model
provesto beapowerful tool for examiningthegraphicspipeline.

Table Primary Foreign
Name Key Keys Description
App stateID Applicationstackandvariables
GL stateID OpenGLstate

Prims primID vertID [0,1,2,...] Mapstrianglesto vertices
Verts vertID Vertex shaderinputs

SVerts vertID Vertex shaderoutputs
Frags xy stateID,primID Fragmentshaderinputs
SFrags xy stateID,primID Shadedfragments,pre-culling

FB xy stateID,primID Theframebuffer

Figure 3: Virtual datatablesand their primary and foreign keys
usedto modeltheOpenGLpipeline.

3.1 State Tables

We representdatain the graphicspipelineasa setof virtual state
tables. Thereis aseparatetablefor eachlogicalpartof thegraphics
pipeline, startingwith the applicationpoint and terminatingwith
the framebuffer. Generallyspeaking,eachcolumnof a tablerep-
resentssomestatevariable,andeachrow representsa new point
in time. So, for example,thereis a row for eachOpenGLcall in
the GLtable,a row for eachvertex in the Verts table,anda row
for eachfragmentin the Frags table. Columnsof the GLtable
arepiecesof theOpenGLstate,whereastheSVerts (shadedver-
tices)andSFrags (shadedfragments)tableshavecolumnsnotonly
for theoutputvariablesof thesestagesbut alsofor variablessetas
lvaluesat eachline of a boundvertex or fragmentprogram(and
possiblymultiple iterationsof these).Clearly, thesetablescanget
quiteenormous;our goalwill beto populatetherows andcolumns
of thesetablesonly upondemand.

Primaryandforeignkeys for eachtable,shown in Figure3, make
it possibleto performrelationaljoins betweentables,establishing
functionalrelationshipssuchasverticesto fragments.Thesekeys
allow, for example, individual pixels to be associatedboth to an
OpenGLstatevalue that wassetwhen the pixel wascreatedand
to the particularprimitive that was rasterizedto cover this pixel.
Theserelationshipscanbe establishedvia the stateIDandprimID
keys respectively.

As we reachthe endof the graphicspipeline,dataelementspass
throughstencil,alpha,anddepthtests,with eachstagekilling some
fragments. Queriesinterestedin theseculling operationscanac-
cessall thecolumnsfrom SFrags, but with decreasingnumbersof
rows. Queriesonthesetablescanbeachievedeitherby implement-
ing separatevirtual tablesfor eachculling stage,or moresimplyby
creatinga relationalalgebraexpressionto emulatethe samefunc-
tionality on theCPU.
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Theframebuffer requirescarefultreatmentbecauseit is technically
OpenGLstate. As would be expected,the framebuffer contains
individual columnsfor eachbuffer attribute — color, depth,sten-
cil andso on. Rows are anothermatter: every time an OpenGL
call modi�es the framebuffer, for examplea glDrawPixels call,
a whole new setof pixels becomesavailable in the framebuffer.
Thus, querying of this table needsto be judicious: querying
throughoutadrawing call wouldyield anew framebuffer aftereach
triangle,whereasqueryingat theendof a draw call would give the
buffer stateat theendof thatcall.

Anotherinterestingquestionregardingtheframebuffer is its initial
state.Sometimesit is moreusefulfor a framebuffer queryto pro-
vide only thenewly-generatedpixelswhile othertimesa userwill
want to watchthe framebuffer as it evolvesfrom its initial state.
Both typesof outputscanbeobtainedin ourmodel.

3.2 Specifying Data

In order to accessand manipulatethesetables, we create the
graphicsquerylanguage,GQL, basingit on thepopularrelational
databaselanguageSQL. As in SQL, a singlecommand,SELECT,
servesto performseveral relationalalgebraoperations:projection,
which�lters columns;selection,which�lters rows;andjoin, which
mergesrows from oneor moretablesaccordingto a columnrela-
tionship. For example,the following statementselectsthe normal
vectorfrom line 37of a fragmentprogram:

SELECTnormal:37 FROMSFrags

In practice,thenotationisabit moreverbosesinceyouusuallywant
to nameyour outputfor laterprocessing.Thefollowing command
is a little morecommon:

CREATETABLEnormalTable FROM
(SELECTxy, normal:37 FROMSFrags)

This sortof tablecanthenbehandedto anRGB or normalvisual-
izer to show usthenormalscomputedby ourfragmentprogram.Of
course,sincethiscommandselectedfrom SFrags, it will obtainall
fragments,not just the forward facingones.To get rid of mostof
thesestraypixels,wecanadda restrictionto theexpression:

SELECTxy,normal:37 FROMSFrags
WHERE(normal:37).z > 0

We have foundthatsupportfor vectors,vectorswizzling(shown a
little bit here),andmatricesto becritical for GQL's usability. Such
notationalconvenienceshelpmaintainclarity in analreadyverbose
language.

The utility of GQL becomesevident whenwe startmerging data
from differentqueries.Insteadof studyingjust fragments,we can
�gure out which vertex indicescontributedto eachforward-facing
pixel:

SELECTSFrags.normal:37, Prims.vertID0,
Prims.vertID1, Prims.vertID2

FROMSFrags,Prims
WHERE(normal:37).z > 0) &&

(SFrags.primID == Prims.primID))

Fromhere,a varietyof thingsarepossible.For example,we might
join this table with a variable capturedfrom the vertex shader.
While theresultingstatementsmayseema bit long, they areactu-
ally a fairly compactshorthandfor a sweepingsetof modi�cations
to anOpenGLapplicationandits shaders.Making suchmodi�ca-
tionsby handmaybeprohibitively dif�cult andtime-consuming.

Figure4: Usinga WHENstatementto extracta singlesharkfrom a
sceneof 900sharksin theAtlantisdemoprogram.

3.3 Selecting Objects

To applythedebuggermoreselectively in thecontext of a largeap-
plication with many objects,the usercan prependto a selection
query a WHENexpression,which subsetsthe OpenGL command
streamand effectively de�nes which renderedobjectsshouldbe
capturedfor debugging(seeFigure4). The WHENexpressioncan
only accessvariablesfrom the AppandGLtables,sincethesecan
beevaluatedwithout thespecialhandlingnecessaryto extractdata
from insidethegraphicsdriver. For example,wemaysay:

WHENApp.Stack0=="main.cpp:42"
SELECTGL.ModelViewMatrix*Verts.Coord
FROMVerts, GL
WHERE(coord > (0,0,0)) && (coord < (1,1,1))

Whenthe applicationreachesline 42 in the �le main.cpp,which
is presumablyaglEnd, glDrawArrays , or glDrawElements call,
we selectall verticesinsidea unit cubeandtransformthemby the
currentmodelview matrix. This exampledemonstratesGQL inte-
gratingwith an application's namespace.It is possiblein GQL to
accesstheapplication'sstackaswell asits globalvariables(via the
Apptable).This provesusefulwhenintegratingwith largeapplica-
tionswhoseOpenGLoutputis complex andvariableacrossframes
(due,for example,to view-frustumculling).

The WHENstatementalso handlescaseswhere a simple SELECT
statementwould otherwiseleadto resultscontainingthousandsof
identicalrows. This canhappenin theFBandGLstatetables.For
example,if wewantto studytheOpenGLmodelview matrixovera
frame'sduration,weusethefollowing statement:

WHENCHANGED(GL.ModelViewMatrix)
SELECTApp.Stack0,GL.ModelViewMatrix
FROMGL,App

This givesusa list of thedifferentmodelview matricesandwhere
they weresetduring the courseof a frame. Without the CHANGED
operator, we would have capturedas many rows as there were
OpenGLcallsin theframe,apotentiallyhugenumber.
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Figure5: Extractingasinglemissileobjectfrom theBZFlagappli-
cation. BZFlag issuesbetween300 and1000drawing blocksper
frame,dependingon the viewing parameters,numberof missiles,
andothergamestate. The ability for WHENstatementsto usethe
application'snamespace(in thiscase,thestack)is essentialfor this
sortof application.

From a designstandpoint,the effect of the WHENclausecan be
achievedby ANDing togethertheWHENconditionandtheSELECT
statement's WHEREclause. While such statementshave more-
elegant query trees,evaluatingthem ef�ciently at runtime is ex-
tremelydif�cult. Wediscussthisproblemin Section4.3.1.

4 Implementation

Building a debuggeraroundGQL involves many different deci-
sions,somealgorithmic and somedesign-oriented.We usedthe
following designprinciplesto guideourchoicesin thesematters:

1. Recompilationand/orspecialinstrumentationof theapplica-
tion shouldnotberequiredto debugaprogram.

2. Application outputshouldremainunchangedduring the de-
buggingsession.

3. Thedebuggingalgorithmsshouldnotdependoncustomhard-
wareor drivermodi�cations.Similarly, thedebuggingshould
take placeon theactualtargethardware,not in softwaresim-
ulation.

4. Debugging statementsinvolving fragment and vertex pro-
gramsshouldbe issuedin the level of language(i.e., high or
low) usedby theprogrammer.

5. Theability to visualizedatashouldbean integral partof the
debuggingenvironment,but shouldnot inhibit datamanipu-
lation.

Thesystemresultingfrom thesegoalsis a compellingdemonstra-
tion of the power of a comprehensive debugger for the graphics
pipeline.

4.1 System Overview

Our systemusesa conventionaldebuggermodel: a graphicsap-
plication is instrumentedso that its internalgraphicscalls canbe
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Figure 6: Data �o w throughthe OpenGLdebuggerlibrary. The
debuggerlibrary runsinsidetheuser's processusingfake OpenGL
libraries.An externalprogramthenconnectsto thisprocessto issue
queriesandvisualizetheresults.

debugged. To this applicationprocessis attacheda userinterface
processthat, in our case,is usedboth to issuequeriesandalsoto
visualizetheresults.

We usethe modelpioneeredby WireGL [Humphreys et al. 2001]
and later Chromium [Humphreys et al. 2002] to instrumentthe
graphicsapplication's renderingcalls. By masqueradingas an
OpenGLdriverweareableto interceptandmodify anapplication's
drawing commands.

The actualmodi�cations we make to the graphicsstreamarede-
rivedfrom theuser's GQL expressions.First, theWHENstatements
in the user's enteredqueriesareusedto breakthe OpenGLcom-
mandstreaminto “chunks” of thestreamthateitherareor arenot
of interest. Next, when a query referencesa column from one
of GQL's virtual tables,we modify the capturedOpenGLchunk
andre-renderit to extract thevirtual column's data. Theresulting
columnsarethenhandedto a relationalalgebraenginethatevalu-
atestherestof theGQL queryandreturnsit to theuser.

This basicalgorithmis modi�ed slightly to prevent interruptionof
theoutputof anexistingOpenGLapplication.A systemcapableof
evaluatingGQL querieswithout interruption(depictedin Figure6)
operatesin thefollowing way:

1. Two interceptormodulesareusedto captureOpenGLcom-
mandsaswell asthesourcecodefor any shadersusedby the
graphicsapplication.

2. The usefulpartsof the capturedOpenGLstreamarelocated
by theWHENdetectionunit.

3. The sequencesof commandsmarked asusefulby the WHEN
detectorarebufferedby StreamCapture.

4. This buffer is playedonceto theapplicationto guaranteeun-
modi�ed applicationoutputandthenhandedto the Column
Planner

5. We build a numberof Virtual ColumnDrivers which, when
handeda sequenceof OpenGLcommands,satisfy requests
for speci�c columnsfrom GQL'svirtual tables.
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6. In the Column Planner we decide which virtual column
driversto useto satisfyoutstandingcolumnrequestsaswell
astheorderin which to run them.

7. Satis�edcolumnrequestsarepassedbackto thequeryengine,
whichevaluatestheremainingquerytreeandpassesit backto
thedebuggerfront-end.

The remainderof this paperreviews the variousalgorithmsand
methodsusedin thesemodules. First, we show how to perform
multiple renderingpasseson anincomingOpenGLstreamwithout
(a)asigni�cant performancehit and(b) affectingtheexistingappli-
cation's output.Next, wediscusshow to mapGQL, whosedomain
is thequerytree,ontolinearOpenGLrenderingpasses.Finally, we
will discussthevariousvirtual columndriversthateachexecutein
a singlepassto extractvarioustypesof informationfrom theinput
OpenGLstream.

4.2 Low-Level Subsystems

The basic approachof this debugger is to transparentlycapture
OpenGLcommandsfrom the applicationand, controlledby the
GQL language,renderthesecapturedcommandsmultiple times
into aseparatebut identicalOpenGLcontext. Eachpass,controlled
by its virtual column driver, will modify the commandstream
slightly in orderto capturea particularattribute from thegraphics
pipeline.

Therearetwo basiccomponentsto our low-level debuggingengine
thatmake this wholeprocesspossible.First, therearea pair of in-
terceptorlibraries that capturethe OpenGLandshadercommand
streams.Second,thereis a systemthat buffers the OpenGLcom-
mandsandsetsup thesevirtual OpenGLcontexts.

4.2.1 Intercepto rs

The basisof our systemis a pair of fake stublibraries– onethat
interceptsOpenGL commandsand one that interceptsthe high
level sourcecode for the application's shaders. The Chromium
library [Humphreys et al. 2002] (and thus OpenGL) is a natural
choice for our graphicsAPI interceptionproblembecauseit re-
quireslittle modi�cation to beadoptedto our goals.Not only does
Chromiumprovide a standardstreamprocessingframework for a
nearly-completesubsetof OpenGL,it providesa numberof auxil-
iary tools that turn out to be very useful for our purpose,notably
the statetracker [Igehy et al. 1998] and the display-listmanager.
We will discusshow we usetheseChromiumsubsystemsin detail
in thenext section.

Oneof thegoalsfor this systemis to debug thefragmentprogram
in its high-level (or highest-level) shaderlanguage.In otherwords,
if the usercodeda shaderin an ARB shaderassemblylanguage,
it shouldbe debuggedat the assemblylevel, andso on. Because
GLSL wasunstablewhendevelopmenton this systembegan, we
focusedondebuggingshaderswritten in Cg. Althoughthis leadsto
someCg-speci�cnuancesin ourapproach,thereis no fundamental
reasonwhy our approachescannotbe adaptedto oneof the many
otheravailableshaderlanguages.

BecauseCg sourcecode never reachesthe OpenGL driver, we
havebuilt asecondaryinterceptionlibrary thatinterceptsNVIDIA's
CgGLlibrary. Theactualstructureof ourCgGLinterceptormirrors
thatof theWireGL andChromiumlibraries:we build a sharedob-
ject with identicalexportsasthe regular CgGL library, thenplace
the library in sucha way that the dynamiclinker �nds our library
ratherthantherealone.

Making high-level shaderdebugging work with languagesthat
compile to an intermediaterepresentation,e.g. Cg, requiresac-
cessto the mappingof high-level symbolnamesto their interme-
diate counterparts.For example,when Cg compilesto ARB as-
sembly, the identi�ers for shaderparametersare convertedto an
integer-basedrepresentation.Becauseinstrumentinga high-level
languageoften changesthis mapping,it is critical for it to be ex-
portedfrom theshadercompiler. In Cg, this datacanbeobtained
via thecgGetParameterResourceIndex interface.

4.2.2 Stream Capture

One inevitable consequenceof using hardware for debugging is
output (andotherresource)restrictions. For example,onerender
target-worth of datacanbe�lled to capacityby a requestfor a sin-
glematrix. This is compoundedby thefactthatasingleGQL query
canresult in an arbitrarynumberof requestsfor virtual columns.
Although this outputrestrictionproblemmay fadewith time, try-
ing to capturevertex shadervariablesat thesametime asfragment
shadervariablesis very dif�cult. As long astheserestrictionsper-
sist,beingableto performmultiple passesover theOpenGLcom-
mandstreamseemsto be the only viable alternative. Suchan ap-
proachallows theuseof a divide-and-conquerstrategy whenfaced
with queriesthatcannotbeaccomplishedin asinglerenderingpass.
Thequestionis, how dowedo this in OpenGL?

One approachto this problem is to createone OpenGLcontext
for every virtual column and then issuereplicatedOpenGLcalls
to each context in round-robin fashion. However, this scales
badly becauseeachOpenGLcall endsup triggeringan expensive
glMakeCurrent call for everyactivecontext.

Wehaveexperimentedwith two waysto achievemulti-passrender-
ing in the OpenGLsetting. The �rst approach,which we call the
streamcaptureapproach,usesChromium's display list manager,
which allows arbitraryOpenGLcommandstreamsto be very ef-
�ciently storedandreplayedfrom memory. In effect, we usethe
GQL WHENstatementto selectchunksfrom theOpenGLcommand
streamthatneedmulti-passrenderingto becaptured.Thesechunks
arestoredin a buffer usingthedisplaylist manager. For every ren-
dering passneededby GQL, we replay the display list and then
roll backany statechangesmadein the capturedchunkusingthe
Chromiumstatetracker, leaving uswith a freshcontext readyfor a
new renderingpass.

Thisapproachfareswell enoughfor applicationsthatissuetheirge-
ometryusingimmediate-modecalls. Becausethecallsgetpacked
intoadisplay-list-likeobject,anindividualcapturecancontainstate
changesin additionto drawing calls.Thisallows largescenesto be
capturedin a singlepass.However, properOpenGLsemanticsof-
ten dictatethat we maintainour own copy of drawn vertex arrays
ratherthanstoring the application's original pointers. This over-
copying problemcanleadto poordrawing performance,especially
for largemodels.

This leadsto the secondapproachfor performingmultipassren-
dering,in which we ful�ll all the necessarycolumnrequestseach
time we encountera call thatactuallyperformsthedrawing. This
meansthatwedon't have to worry aboutrolling backstatechanges
otherthantheframebuffer andalsothatwedonothaveto carefully
handlelargeobjectslikevertex arraysto guaranteereplayability.

A number of graphics-debugging peculiarities limit the perfor-
mancegains of this approach. In somecases,a virtual column
driver will needto rewrite a vertex arrayto containextra vertex at-
tributes.This causesusto run into thesameover-copying problem
that is at issuewith the streambuffering approach.Furthermore,
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Verts Table SFrags Table

WhenA

WhenB

QueryB

QueryA

Prims Table

Figure 7: The leaves of GQL expressionsform a list of virtual
columnsthatmustbeextractedfrom theOpenGLcommandstream.
Similarly, the WHENstatementsin the GQL querytell which rows
to get for thesevirtual columns. Ef�cient evaluationof GQL re-
quiresthatwe usetheseconstraintsso that thesmallestamountof
the OpenGLstreamis bufferedandthe fewestnumberof render-
ing passesarethenusedto extract thedatanecessaryto satisfythe
virtual columnrequests.

whencapturingscenesbuilt outof largenumbersof draw calls,this
approachcanleadto over-calling of thevirtual columndriver and
thuslargenumbersof expensive frame-buffer readbacks.In short,
thestreamcaptureapproach,while slow for largegeometry, is eas-
ily codedandgeneric.In contrast,theper-draw-call approachgives
speedupsfor speci�c virtual columns,but thosecostscanbeeasily
lost to boundaryconditionsandlargescenes.Becausethegainsof
theper-draw-call approachvarysomuchfrom applicationto appli-
cation,weopt to usethestreambufferingapproachin ourdebugger
implementation.

The�nal (andkey) low-level issuefor thegraphicsdebuggeris con-
text isolation.Thedebuggermustperformits debug renderinginto
asecondaryslavecontext thatis fully synchronizedwith themaster
applicationcontext. The�rst reasonfor this is aesthetic:thedebug-
gershouldnot interrupttheapplication's renderedoutput.Thesec-
ondreasonis unavoidable:certaincolumnsareobtainedby reading
pixel datafrom theframebuffer. Theslave context requiresa �oat-
ing point visualto preventthis datafrom beingclampedandquan-
tized to the framebuffer's depthsetting. We accomplishcontext
isolationusingthesamestate-tracker algorithmusedin thestream
bufferingsystem.

4.3 GQL Evaluation

Thebasicprimitivesof GQL evaluation,requestsfor tablecolumns
organizedinto a treestructure,aredif�cult to mapontothedomain
of the graphicsdebugger. As illustratedin Figure 7, two funda-
mentalproblemsmustbe solved. First, we mustcreatea stream
processingunit that cancanef�ciently turn on andoff the stream
buffering subsystemin responseto the setof WHENexpressionsin
theactiveGQL queries.Second,anorderin whichto capturethere-
questedcolumnsmustbecreated.Oncethesetwo tasksaresolved,
evaluatingGQL is quitesimilar to thetaskof evaluatingSQL.

Theneedsof GQL with regardto relationaldatabasesaresimplein
thatwedonotrequirepersistenceor concurrency. However, thede-
signof thebuffering systemmakesit impossibleto captureall of a
columnfor anentireframeandthento gobackandcaptureanother
columnfor thesameframe.Instead,GQL requiresthatcolumnsbe
capturedall at oncewith their rows arriving sporadicallythrough-
out the frameasde�ned by theWHENstatement.This arrival order
limits theapplicabilityof many queryoptimizationandevaluation
techniques.Thus,thequeryprocessingmayalwaysbeasigni�cant
cost in debuggersof this design. This is certainlythe casein our
system,whichusesa lightweight,custom-built evaluationengine.

4.3.1 When-Detection System

Thepointof WHENdetectionis todecide,basedonauser-enteredex-
pression,whento startand�nish capturinganOpenGLcommand
stream. This featureis importantfor large graphicsprogramsin
which the usermay wish to debug only a singletriangleamongst
an entiresceneof objects. GQL allows WHENexpressionsto con-
tain referencesto OpenGLstateaswell asglobalapplicationsym-
bolsandtheapplication'sstack.Oursolutionto theWHEN-detection
problem is simple: evaluatethe WHENexpressionevery time an
OpenGLcommandis made.

To keeptheoverheadof thisevaluationto anabsoluteminimum,we
implementa simple,lazy-evaluationsystemfor WHENexpressions.
WhenaWHENexpressionis active,wemakenoteof whichOpenGL
statevaluesit references.Every state-changingOpenGLfunction
is thencodedto consultthis tableto seeif it' s statevalueis being
referencedandif so,triggera reevaluationof thatreferencingWHEN
expression.To improve performanceof WHEN-evaluationfor appli-
cationsmakingmany immediate-modeOpenGLcalls,we perform
special-casehandlingof WHENblockswhoseexpressionsarevari-
ableinsidedrawing blocks. This specialcasehandlingoccursfor
theApp.Stack andGL.PrimID columns.

4.3.2 Column Planning

Whena chunkof theOpenGLcommandstreamhasbeencaptured
by thedebugger, it is handedto thecolumnplanner. A list of virtual
columnrequestsis computedbyaquicktraversalof all thecurrently
activeWHENexpressionsin thesystem.Fromhere,thecolumnplan-
ner's job is to obtainall of thesevirtual columnsfrom thebuffered
stream.Ideally, thisis to bedoneusingaminimalnumberof passes.

The�rst passof thecolumnplannerperformsextractionof columns
belongingto the App, GL, Verts and Prims tables. Column re-
questsfor the App table is �lled during the initial streamcapture
processsincebuffering applicationstatein theway thatwe buffer
OpenGLstateis redundant. As it turns out, the GL, Verts and
Prims tablescan be capturedduring the buffering stageas well.
This helpsstreamlineour column planningalgorithms,allowing
certainqueriesto executeentirely-withoutbuffering.

The remainingcolumnsare treatedin a two-tieredfashion. Cer-
tain columnsarefundamentallydominantin the formationof ren-
deringpasses;thesedominantcolumnsaretypically thosethat re-
quiresigni�cant effort to satisfy, suchasafragmentshadervariable
(e.g., SFrags.normal:30 ). Our schedulingalgorithm looks for
oneof thesedominantcolumnsand,if found,tries to captureboth
thedominantcolumnandany additionalcolumnsthatcanbesatis-
�ed in thesamepass.For example,wecanacquireSFrags.xy and
SFrags.z in the samepassusedto captureSFrags.normal:30 .
Onceall of the dominantcolumnshave beencaptured,the sched-
uler respondsto columnrequestsonapass-by-passbasis.

4.4 Column Acquisition

The�nal challengein implementingaGQL environmentis to trans-
form (usingoneor morepasses)the input graphicsstreamto pro-
ducetheoutputrequestedby a virtual column. Thefollowing sec-
tionsdiscussthemethodsthatusedin thisprocess.

Two approachesare possible in implementing virtual column
drivers.In thetheoreticallyelegantapproach,individualChromium
streamprocessingunits (SPUs)arechainedtogetherduringa ren-
deringpasswith eachSPUcapturinga singleGQL column. For
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example,a single passmight chain togetherthe following three
SPUs:Frags.XY -> Frags.RGB -> Frags.Z . In practice,how-
ever, thestreamtransformationsperformedby eachcolumndriver
are very simple, making this approachorganizationallyunneces-
sary. As a result,we opt for the monolithic stream-rewriting ap-
proachin which all of the columndriversareimplementedinside
onestreamprocessingunit.

4.4.1 Basic Shader Debugging

Many of the columnsin GQL tablesmapto variablesinsidever-
tex and fragmentshaders.To get this data,we follow the same
basicapproachusedby developersandexistingdebuggingsystems
alike [Stephenson2000;PurcellandSen2003;Olano2005]— the
currentlyboundshadersarerewritten,outputtingthevariableof in-
terestto a rendertarget. This approachrequiresa smallnumberof
extra resourcesto instrumenttheshaderprograms.Theseresources
canrangefrom a few extra shaderinstructionsto an extra vertex
attributeor textureunit.

Therearea numberof basictricks requiredto make this approach
work in practice.First, we renderinto anoff-screen�oating point
buffer ratherthana standardframebuffer to avoid precisionprob-
lems. Even so, numericprecisionmust be carefully considered
whenpassingandextractingintegerquantitiesto andfrom theren-
dertarget,asis donewith theSFrags.primID virtual column,for
example.Anotheressentialtrick to productionshaderdebuggingis
the streambuffering system,which allows us to ignorethe whole
problemthat the availablerendertargetscanstorea limited num-
berof outputchannels.Whenweneedto capturemoredatathanis
supportedby thehardware,we breaktheproblemup into multiple
renderingpasses.

Whenthis systemwas �rst created,the only matureshadinglan-
guageavailable that matchedour needswas NVIDIA's Cg lan-
guage. Thus, our debugger focuseson the challengeof debug-
ging shaderswritten in the Cg language. While this introduces
certainnuancesthat areCg-speci�c, we seeour overall approach
asportableacrossthegamutof shadinglanguages,from theARB
assembly-stylelanguagesto GLSL.

Interestingly, Cg is actually more dif�cult to debug than some
other languagesbecauseit compilesto an intermediaterepresen-
tation. Changesthat we make to the high level shadercan alter
variableandattributeassignmentin theintermediateshaderformat.
Re-synchronizingthe intermediate-level shaderAPI with the new
shaderrequiresan extra remappingstep. We would not have en-
counteredandaddressedthis issuehadwedoneourexperimentsin
a languageotherthanCg.

Once the Cg program string is acquiredthrough the low-level
shaderinterceptionlibrary mentionedearlier, it is brokendown into
atreestructureusingasimpleBisonparser. Conveniently, NVIDIA
providesanopen-sourceCg grammarvia their website [NVIDIA
2001].Weusethisto performalightweighttraversalof theshader's
structure,extracting(1) structuresandprogramargumentsand(2)
line andsymbolinformationfor every line in theprogram.Impor-
tantly, thisparsingprocessstoresenoughinformationto reconstruct
theoriginal sourcevia a treetraversal.This allows us to parsethe
shader, edit the tree accordingto column-speci�c rewriting rules
and�nally convert thetreebackinto astringrepresentationfor sub-
sequentrendering.

4.4.2 Flow Control Issues and Shader Rewriting

Therearea numberof basicproblemsthat arefundamentalto the
taskof performingdebuggingby forcing early exit from any pro-
gram.Themainquandaryis �o w control: how do we handlecases
wherethevariableto beinspected(henceforthcalledthetargetvari-
able)is insideaconditionalblock?

This is actuallyatwo-partquandary, the�rst partof which is theis-
sueof returnvalue:How do we distinguishlegitimateoutputfrom
sentinel(i.e., did not execute)output? We solve this problemby
designatingan arbitraryvalueto denotethe sentinelcondition. In
practice,we have to usea small rangeof valuesto compensatefor
thelimited precisionof graphicscards'�oating pointunits.As sup-
port for multiple render-targetsbecomesmoreubiquitousit maybe
possibleto avoid this problementirely by dedicatinga channelin
theframebuffer exclusively to avalid bit.

The morevexing dilemmawith �o w control is how to implement
immediatereturnsinsidecontrolstatements.As notedin Section2,
someshaderdebuggershave hadthe ability to exit from a shader
regardlessof program-counterposition. This is not the caseon
currentgraphicshardware. Our currentsolutionis to (recursively)
rewrite if statementssothatall possiblebranchessetareturnvalue
for shaderprogram.

For-loops requirespecialtreatmentin our debugging model. To
capturea variablefrom insidea loop, theuserspeci�esa constant
iterationnumber, i, at which to extract a variable. This allows us
to breakthe loop into two parts.The�rst partperformsthezeroth
throughi � 1th iterationsof theloop,thensecondpartperformsthe
ith iteration,whichextractsthetargetvariable.While thisapproach
is somewhat ad hoc, thereis no obviously betterapproachto this
generalparalleldebuggingproblem.

A numberof othersmalldetailsmustalsobehandledduringshader
rewriting. First, extractingdatafrom secondaryfunctionsrequires
us to inline thecalledfunctionandthenperform�o w-control res-
olution on theresultingsource.Second,largevariablesthatdo not
�t into therendertarget (e.g.,matrices)mustbereadbackandas-
sembledin severalpassesinsteadof justone.

Our approachto this problemis a short term solution to a long
termchallengefacinggraphicsprogrammers:asgraphicshardware
evolvesmorecomplex control �o w mechanisms,the systemused
to forceanintermediatevariableto theshaderoutputwill alsoneed
to mature.Hardwaresupportseemsto betheclearway to achieve
this. In the interim, approachessuchasoursandthe oneusedin
Shadesmith[PurcellandSen2003]will likely continueastheonly
alternative to softwareemulation.

4.4.3 The Frags/SFrags Column Driver

To acquirea columnfor the Frags tableor the SFrags table,all
thatwe have to do is redirectthe targetvariableto theshaderout-
put, renderthesceneandreadbacktheframebuffer into our GQL
datastructures.Themainchallengein thefragmentprogramis how
captureall fragmentsthat aregeneratedratherthanjust thosethat
passthe z-test. To accomplishthis we currentlyusea straightfor-
warddepthpeelingalgorithm[Everitt 2001]. First,we adda depth
texturesamplerto theshader, aswell asaparametercontainingthe
depthvalueof thecurrentfragment.We thenprependasegmentof
codeto theshaderthatperformsanearlyfragmentkill if thedepth
of thepixel is greaterthenthedepthin thetexture.Thedepthbuffer
resultingfrom eachpassis fed backasinput to the next passand
we iterateuntil no new pixelsarewritten to the framebuffer. Fig-
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float4 main(... ,
uniform samplerRECTgldbFrontDepthTex,
in float4 gldbWPOS: WPOS) : COLORf

float2 gldbTexCoords = float2(gldbWPOS.x,
gldbWPOS.y);

float gldbFrontDepth = texRECT(gldbFrontDepthTex,
gldbTexCoords).x;

if (gldbFrontDepth+0.00001>=gldbWPOS.z)
discard;

... // compute some shading, such as a reflectVec
float4 debugVar = float4(reflectVec, 0);
return debugVar; // exit with target variable

g

Figure8: A samplefragmentprogramrewrittenbyoursystem.This
programis performingdepthpeelingandfragmentvariabledebug-
ging, both of which have beenaddedby the debugger. Additions
madeby oursystemarehighlightedin green.

Figure9: Left: output from a volumerenderingprogram. Right:
slicesfrom the volumeobtainedfrom the SFrags tablevia auto-
maticdepthpeeling.

ure8 shows anexampleof suchcode.An exampleof this process
asappliedto volumerendererdebuggingis shown in Figure9.

Giventhatourgoalhereis to acquiredatavaluesfor all fragments,
it is worth notingthat thedepthpeelingapproachmaysuffer from
robustnessproblemsin somesituations.Thisisdueto limitedpreci-
sionof thedepthbuffer andcanbeexacerbatedby theapplication's
projectionmatrix. If we have anadditionalrendertargetavailable,
wecaninsteadrecordthefragment'sprimID in this target.Because
theprimIDs areissuedin increasingorder, we cantesttheprimID
ratherthanthedepthin eachsuccessivepasssothatevery fragment
is captured.

Generalizedcaptureof the primID columnrequiressomespecial
handling. This fragmentattribute reportswhich triangle,andthus
which vertices,contributedto the fragment. To performthis cap-
ture,we unshare theverticesbeingissuedto OpenGLso thatver-
ticesareuniqueto a primitive. Then,a customvertex attributecor-
respondingto theprimitive ID is addedto thevertex andtheentire
modelis rendered.We addthis parameterasa pass-throughin the
vertex shaderandalter the fragmentshaderso that this new ID is
output to the rendertarget. As with all readbacks,caremust be
taken when assigningprimitive identi�ers so that they are stable
with regardto �oating point precision.Theability to performmul-
tiple renderingpassescanbeusedto solve thisproblemrobustly.

As alludedto before,addingtheinputsto a fragmentor vertex pro-
gramcanleadto implementationdif�culties in languages(likeCg)
that compile to an intermediaterepresentation.This compilation
step,which removes deadcodeand more importantly rearranges

struct inputs f float gldbVertID : ATTR6;
float4 Position : POSITION;
float4 Normal : NORMAL;g;

struct outputs f float4 gldbReturn : TEXCOORD3;
float4 hPosition : POSITION;... g;

outputs main(inputs IN,
uniform float gldbRenderWidth,
uniform float4x4 ModelViewProj,...) f

outputs OUT;
OUT.hPosition = mul(ModelViewProj, IN.Position);
OUT.gldbReturn = OUT.hPosition;
...
float4 gldbVertPos;
gldbVertPos.x = ((float)((int)IN.gldbVertID.x %

(int)(gldbRenderWidth))/gldbRenderWidth)*2-1;
gldbVertPos.y = ((float)((int)IN.gldbVertID.x /

(int)(gldbRenderWidth))/gldbRenderWidth)*2-1;
gldbVertPos.zw = float2(0,1);
OUT.hPosition = gldbVertPos;
return OUT;

g

Figure10: A samplevertex programrewritten by our system.This
programis debuggingthetransformedvertex coordinateswhichare
returnedthroughthe rendertarget. The highlightedsectionshave
beenaddedby oursystem.

the assignmentof parametersto the intermediateregisters,means
thatOpenGLstateboundto theseintermediateregistersmustbere-
boundto thenew registerassignments.If futureshadinglanguages
andAPIs take this reassignmentchallengeinto account,the prob-
lemof shaderdebuggingcanbeconsiderablysimpli�ed.

4.4.4 The SVerts Column Drivers

Themainchallengein debuggingvertex programsis creatinga de-
terministicandfastway to mapof verticesto pixels in the frame
buffer. This precludessimplemethodswherethe sceneis simply
renderedwith pointsandthenscouredfor non-sentinelvaluesasa
post-process.

Our solutionto this problemis to provide anextra vertex attribute
that, just before the vertex programends,is usedinsteadof the
newly-computedvertex coordinate.Theextraattributeis anvertex-
speci�c identi�er that, whencombinedwith a uniform parameter
for theframebuffer width, allowsusto packverticesinto theframe
buffer in row-majororder. This is shown in Figure10.

After this packingstephasbeenadded,we debug a variableinside
the vertex shaderusingthe now-familiar stepsfrom our fragment
shaderrewriting. To forward the variableto the framebuffer, we
modify the vertex program's outputstructureto passthe valueof
the variablebeing debugged. We then replacethe fragmentpro-
gramwith apass-throughprogramthatjustoutputsits oneinputat-
tribute. Finally, we rendertheentiresceneusingsingle-pixel point
primitives,performa readbackandunpackingstep,andreturnthe
resultsto theGQL system.

4.4.5 Other Virtual Columns

A numberof drivers for GQL tablesremainundiscussed,namely
the App, GL, Prims, Verts , andFBtables. As mentionedin the
GQL evaluationsection,the �rst four of thesetablesare imple-
mentedinsidethestreamprocessorthatperformsstreambuffering
for performancereasons.TheFBtablepiggy-backson theSFrags
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implementation,but disablesthedepth-peelingalgorithm.Thusit is
possibleandoftenusefulto askfor shadervariablesfrom theframe
buffer, e.g.,SELECTNormal:30 FROMPrims. Sinceapplication-
sidecameracontrolis still possibleduringdebugging,framebuffer
pixelsareoftenall thatis needed.

We usethelazy-evaluationtechniqueusedin WHEN-detectionto ef-
�ciently respondto queriesover theGLandApptables.We usethe
OpenGLstatechangesin this caseto performrun-lengthencoding
of thecolumns,allowing us to lazily populatethe tablewhile also
keepinga smallmemoryfootprint. This is especiallyusefulin re-
ducingoverheadwhenperformingpro�ling.

5 Practical Usage and Examples

Theinterfaceto ourdebuggerprovidesthreethings:awayto pause
theapplication,awindow for enteringGQL commands,andavari-
ety of toolsfor visualizingthetablescreatedusingGQL. Onecon-
sequenceof usingGQL so heavily in our systemis that common
visualizationtaskslike theapplicationof color mappingfunctions
canbeaccomplishedwith GQL queries,allowing usto getby with
a relatively simple userinterface. In practice,the simplestvisu-
alizationsaremostfrequentlyusedin regular debuggingsessions.
The �rst is the tableview shown in Figure12. In a surprisingly
large numberof cases,simply having accessto the properdatais
suf�cient to debugagraphicsapplication.

For many graphicsbugs,you canseethe problembut don't know
which vertex or triangleis to blame. SimpleGQL statementsand
visualizationscan be combinedto solve theseproblemsquickly.
For vertices, you �rst “SELECTvertID,coord FROMVerts ”.
From here,you just visualize the verticesas points, clicking on
the problematicpointsto obtainthe vertex indices. To save navi-
gationtime, you canmatchthevisualization's camerawith theap-
plication'scamerawith “SELECTmodelview,projection FROM
GL”. A similar approachis possiblewith fragments;visualizing
andpicking thepixels that resultfrom “SELECTxy,primID,rgb
FROMFB” producestheframebuffer colorsplusthetriangleID that
is visible at eachlocation. This provesuseful in debuggingprob-
lemsthatmanifestonly from certainangles,suchasgeometrymis-
alignmentor texturecoordinateerrors.

With suchlarge quantitiesof data,it is not surprisingthat some-
times a good visualizationprovides more insight than a tabular
view. Visualizationsshown in Figure 11 demonstratethis — vi-
sualizingpointsandnormalsis useful for debugginglighting and
similar re�ection-driven algorithms. With volumerenderers,cap-
turing all fragmentsratherthanjust theframebuffer maybeuseful
for debuggingthingslikelightingandcolor-mapping(seeFigure9).
Thissameapproachis usefulwhendebuggingmulti-passandcom-
positingalgorithms.

Sometimesstudying multiple frames of output is important
for graphics debugging. The view mechanismof GQL is
useful here: by creating a view of some GQL expres-
sion, e.g. “CREATEVIEWVertHistory FROM(SELECTcoord
FROMSVerts) ”, multiple framesof geometrywill be captured.
We can then view eachframe independently, or merge multiple
frames into one via “SELECTHISTORYframeID,coord FROM
VertHistory ”. We expectthis to be usefulfor debuggingthings
like cameramovement,vertex skinning,or any othertime-varying
aspectof agraphicsprogram.

Just as GQL can delve into the �nest-grained parts of the
pipeline, it may also be usedfor high-level pro�ling. For ex-
ample, draw count pro�ling can be done in the most general

Figure11: A sequenceof screenshotsin a typical debuggingses-
sion.Thetop-left is anincorrectlyrenderedscene.Thetop-rightis
theresultof viewing themainobject's vertex coordinatesandnor-
mals.Wenoticethenormalsareinvertedandcorrectthebug in our
applicationprogram.Viewedagain in thedebugger, asseenin the
bottom-leftandright, weseethatthishasindeed�x edtheproblem.

way in GQL using familiar SQL operationslike GROUPBYand
COUNT/SUM/etc. A simple trace and pro�le of all the applica-
tion's OpenGL calls can be obtainedusing “SELECTTIME(),
commandFROMGL”. More sophisticatedthings are possible:
by joining “WHENisDrawingCommand(GL.command)SELECT
command,blockID FROMGL” with “SELECTxy,blockID
FROMSFrags”, we can count both the overdraw at eachpixel
along with which OpenGL drawing block responsiblefor the
fragment.

Finally, GQL can be usedto obtain and study arbitrary OpenGL
objects. Thingslike texturesarepart of the GLtableandarethus
retrieved with a simpleselect,e.g., “SELECTTexture[0] FROM
GL”. This approachcanbe particularlyeffective whendebugging
renderedtextures,althoughin sucha casea WHENexpressionis of-
ten usedto setwhenthe texture is actuallycapturedfrom the GL
table. Interestingly, sincedrawing calls to anOpenGLpbuffer use
the sameOpenGLstreamasthe main applicationcontext, a GQL
debuggingsessionon anoffscreenbuffer is indistinguishablefrom
asessionbeingappliedto a regularOpenGLcontext.

6 Conclusions and Future Work

Thesystempresentedhereis animportantstepstowardthecreation
of a generalpurposegraphicsdebugger. While our methodsare
by no meansthe �nal word on thesubject,particularlywhencon-
sideredin termsof speedandease-of-use,we have shown that a
generalandtransparentgraphicsdebuggeris feasible.

Muchremainsto bedoneontheOpenGLcompatibilityfront of our
implementation.Supportfor OpenGL's variousdatatypes,primi-
tive typesandtexture formatslimits our debugger's currentporta-
bility. Thesamegoesfor multiple contexts, renderedtextures,and
OpenGLextensions.We do not anticipateany fundamentalprob-
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Figure12: Tableview of debuggingdata.

lemsin implementingthesefeatures.

Theapproachof this systemis by no meansperfect.Integrationof
thegraphicspipeline'snamespacewith theapplication'snamespace
requiresfurther study. Similarly, becausewe currentlyrespondto
queriesin a column-by-columnfashion,we precludea numberof
cleverandcommonqueryevaluationoptimizations.As thingsstand
now, the databaseis our bottleneck. Coaxingperformancefrom
suchasystemis aninterestingproblemrequiringmorestudy.

Visualizationof thedatathatcomesoutof thegraphicspipelinere-
mainsa fascinatingproblem.For example,how doesonevisualize
theresultof a join betweenfragments,tripletsof vertices,andex-
tractedshadervariables?Wehaveonly begunto scratchthesurface
of theseproblemswith our presentvisualizationtools. Several in-
terestingdirectionsmight bepursued,includingre-taskingGQL as
adatasourcefor existingtoolslikeOpenDX,VTK or AVS or build-
ing anactualdebuggingenvironmentaroundtheGQL language.

In thispaper, wehavepresentedthemethods,algorithmsandimple-
mentationof theGraphicsQueryLanguage.Thisdebuggingengine
provideswhatwebelieveto bethe�rst steptowardthedevelopment
of anend-to-enddebuggingsolutionfor moderngraphicshardware.
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