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Figurel: Thegraphicsdehuggingenginepresentedn this papemalesit possibleto capture manipulateandvisualizea wide rangeof data
from the graphicspipelinewithout makingchangedo the underlyingapplication.

Abstract

We presenta new, uni ed approachto dehugging graphicssoft-
ware. We proposea representatiomf all graphicsstateover the
courseof programexecutionasa relationaldatabaseandproduce
a query-basedramework for extracting,manipulating,andvisual-
izing datafrom all stageof the graphicspipeline. Usingan SQL-
basedjuerylanguagethe programmercanestablisifunctionalre-
lationshipsamongall the data,linking OpenGLstateto primitives
to verticesto fragmentgo pixels. Basedon the Chromiumlibrary;,

our approachrequiresno modi cation to or recompilationof the
programto be dehugged,and forms a supersebf mary existing

techniguedor dehugginggraphicssoftware.
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1 Intro duction

Thegraphicsipelineembodiedy today's 3D renderingplatforms
hasa comple« naturethatde es classi cation. From a high level,
it appearssa coarse-grainegipeline. Yet on closerexamination,

it seemsat onceboth a streamingarchitectureanda SIMD archi-
tecture. Programmingthe various stagesof this pipeline to pro-
ducesomedesiredrenderingoutputresembleshe orchestratiorof
a symphonicmasterpieceto be conductedat run-timeby codeon
theCPU.

As dauntingaswriting suchmoderngraphicssoftwareis, however,

it palesin comparisorto the taskof delugging that software. The
tried-and-true standarddehuggingtools only give accesgo vari-

ablesonthe CPU, losingtrackof dataonceit passento thegraph-
ics APL. In general,tracking the databeyond that point requires
the programmeto make extensve modi cationsto the codeonthe
CPU aswell ason the programmable/ertex andfragmentproces-
sors.Suchdeluggingtechniquesireakinto theclassicapproacho

dehuggingwith print statementsgxceptthatin this casejt is much
more dif cult to extract the variablesto be printed, and the data
sizesareconsiderablyarger.

Fortunatelythereareseveraltoolsthatcanassisin thistask. Some
give accesdo the OpenGL state, including state variables,log-
ging calls, reportingerrors,etc. Othersprovide meansof stepping
throughafragmentor vertex program.However, noneof thesetools
provide a meansof dehuggingthe entire pipeline— the dataare
scatteredicrosghepipelinewith scantrelationsbetween.

In this paper we presenta new, comprehensie approachto de-
buggingsoftwareon the graphicspipeline. All the datathatexists
throughoutthe graphicspipeline during programexecutionis rep-
resentedn asetof virtual tables.We de ne aquerylanguagéased
on SQL to extractandinstantiatethe desiredportionsof theseta-

bles,thenmanipulatehemusingrelationalalgebra.This provides
a powerful mechanisnfor not only gettingat the data,but for un-

derstandinghe relationshipsamongthe data. For example, it is

easyin this framework to establishthe relationshipsof primitives
to verticesto fragmentso pixels, andonecantracethe origins of

particularpixels or examinethe legacy of particularprimitives. In

somecontets, it is helpful to inspectthe outputof a queryin the
form of a raw table of numbers.In otherswe nd thatit is espe-
cially usefulto employ visualizationtechniquego browsethe data
in amoreintuitive fashion.

A key featureof our approachis thatit doesnot requirethe pro-
grammerto rewrite ary applicationcode, but simply to run the
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applicationusingour dynamically-linlked, OpenGLreplacementi-
brary Basedon the infrastructureof the Chromiumlibrary, the
dehuggernon-irvasively interceptsthe necessanportions of the
OpenGLcommandstream. The main applicationcontet is guar
anteedto renderexactly asbefore. Meanwhile,a separatalehug-
ging contet gathergherequestediata,performsrelationalalgebra
operations,and shipsthe resultsoff for visualization. Thus one
canrun the applicationat interactve rates,navigate to a location
of interestfor dehugging, andinitiate deluggingfor the graphics
framesthatfollow. During delugging,theapplicationwindow con-
tinuesto renderasexpected but the deluggers userinterfacealso
providesvisualizationof the querieddata. One candehug a sin-
gle frameof interest,or allow the applications mainloop to keep
running, updatingthe dehuggingvisualizationasit proceeds.The
performanceof this processwhile deluggingqueriesareactive is
dependenbn the compleity of the particularqueriesandtheir vi-
sualizationtasks.

This papemakesanumberof contrikutionsto the stateof theartin

dehugginggraphicssoftware.We de ne amappingof datafrom all

stageof thegraphicipelineto asetof datatablesandarelational
languagdor selectingfrom thesedataandestablishingheir inter-

relationships.This novel approachprovidesa rich ervironmentin

which to poseand solve detugging problems. Othergraphicsde-
buggingsolutions,suchasOpenGLstateaccessandgeneratiorof

RGB imagesfrom fragmentprogramdata,are a subsetof whatis

possiblewith our approachin this setting,programmersskthem-
selesnotif they cangetat someparticulardataor relationshipput
howto do it mosteffectively. Ourlanguageanddehuggerprovide
thenecessaryools. We focushereprimarily onthe coredetugging
facilities,whatwe termthe detugging engine Giventhis compre-
hensve dehuggingengine,it is possibleto build a variety of more
high-level tools andimplementa numberof strat@iesfor dehug-
ging graphicsapplications.

2 Related Work

Althoughtrivial programsmay be deluggedpurely by inspection,
mostdehuggingtasksbene t from the extractionof datafrom the
programexecutionervironment. In somecasesthe programmer
may modify the programto extract thesedata (such as adding
print statementshut it is generallymorecorvenientto usesome
moreautomatediehuggingervironment.

Text-baseddehuggers,suchas dbx [Linton 1990], gdb [Stallman
1989],andCode\iew, provide the programmewith interactve ac-
cessto programdataduring execution. For example,the program-
mer canstepthroughcode,examinevariables setbreakpointsand
conditionalbreakpoints traversethe scopeson the currentstack,
etc. Similar dehugging methodologyhasbeenemployed sinceat
leastDEC's PDP-1dehugger DDT [MIT 1961]. Graphicalde-
buggersandintegrateddevelopmenternvironments(IDESs), suchas
xdbx, xxgdb, DDD [Zeller and L uitkehaus1996], SaberC [Kaufer
et al. 1988], Visual Studio, XCode, etc., add graphicaluserinter

faces,including widget-basediserinteraction,morevisual repre-
sentationsof datastructuresand programsas graphs,as well as
providing facilities for codedevelopmentand compilation. These
sortsof dehuggersenjoy nearuniversaladoption,andareexcellent
toolsfor dehugginga singlethreadof programexecution.

In generaladditionaltool supportis requiredto extendthis model
to parallel and distributed environments. Dehuggerslike pdbx,
pgdbg, DDT (by Allinea Software), and TotalView extend this
break/step/continudetuggingmodelto MPl andOpenMPexecu-
tion ervironmentsfor distributedprocesseandmulti-threadecdap-
plications.The programmeis givenadditionalcontrolsto manage

thesecommandsover several processesand can apply the com-
mandgo anindividual procesr groupsof processesEvenso,the
task of managingand interpretingthe databecomesncreasingly
comple with theadditionof parallelism.

To dealwith parallelismatmassve scalesdeluggingenvironments
suchaslVE [Friedelletal. 1991]andPrism[Sistareetal. 1992]for

ConnectiorMachinesandMPPEfor the MasRar provide visualiza-
tionswhich mapprocessorandtheir datato coloredpixelsor other
smallglyphs,suchasarrowns.

It is not surprisingthat suchpixel-baseddehuggingtechniquesre
commonon systemalesignedor computergraphics.As the com-
monwisdomgoes,‘the bestway to dehug graphicss usinggraph-
ics” Given a pixel-basedshaderprogram, a programmerredi-
rectssomescalaror vector quantity to the location resered for
the shaders outputcolor (after scalingand biasinginto the valid
color range). A skilled obserer can sometimegnake inferences
aboutthe databy inspectingthe resultingimage,or caninspectin-
dividualvaluesin animageviewer. In PixelFlow's pfmanlanguage,
thecompilercouldinstrumentafragmentshadeto dumpanimage
for ary singlelvaluein the program. This wasdoneby settinga
uniform parameteto an instructionnumbey thusavoiding an ex-
pensve recompilationprocesgOlano 2005]. Image-basedehug-
ging of fragmentshaderaresimilarly commonfor SGI's OpenGL
Shaderand for RenderManStephensor2000] (which candump
mary variablesatoncebecausét is a puresoftwarerenderer).

There are a numberof detuggersfor fragmentprogramson to-
day's PC graphicshardware with a rangeof capabilities[Purcell
2004]. Imdelug [Baxter2002] providesprintf-style statementshat
the programmercanaddto codeto bring up the shaderoutputin
animagewindow. ShadesmitliPurcellandSen2003]allows step-
ping throughfragmentprogramsto inspectindividual variablesas
images.Apple's OpenGLShadeBuilder allows detuggingof in-
dividual shadersn a stand-alondashion,but notin the context of
the real applicationprogram. Microsoft's ShaderDebuggerTool
operatesisinga softwarerasterizerproviding accesso vertex and
fragmentdatafor DirectX Programs.The visualizationaspectof
thesetoolsaregenerallyrestrictedto the fragmentprogramportion
of thegraphicspipeline.

The ATl RenderMonky and NVIDIA FX Composertools' ap-
proachto shaderdevelopmentsidestepthe issueof dehugging by
usinga GUI to build aa sceneout of awide variety of basicgraph-
ics “building blocks”. Becausehis approachallows shadergo be
changedon the y, the basicchallengesof shaderdehugging are
avoided.

The deluggersabore can be supplementedvith additionaltools
that instrumentthe OpenGL API calls. Tools like Microsoft's
PiX [Microsoft 2005], gDEBugger [Graphics Remedy 2005],
GLIntercept[Trebilco 2004],and GLSuneyor [Gould 2005]track
andlog all graphicsAPI calls, reporterror conditions,andlet the
programmetook at the stateassociatedvith contexts while walk-
ing throughthe application.

While thesedehuggingtools performusefulfunctionsandcancer
tainly increasethe programmes ability to investigatea variety of
bugsthat occurin graphicsapplications the datathey reportare
dif cult to relateto oneanother At the vertex andfragmentlevel,
they alsotendto follow the myopic approachof standarddehug-
gers,presentinglatain a program-counteorientedfashion.(For a
gualitatve comparisorof tools,seeFigure2.)

Therearea severalalternatve dehuggingconceptsrom outsidethe
graphicsdomainthathave someof the characteristicsve areseek-
ing. The rst is theconcepbf omniscientetugging [Lewis 2003],
which includesa dehuggerthat capturesall programstateover the
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Application State Texture V. Shader F. Shader Postprocessing
Tool Integration Debugging | Debugging | Debugging | Debugging | Proling 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
Apple GL Tools Yes Yes Yes No No Yes GUI
gDEBugger(etc) Yes Yes Varies No No Yes GUI
RenderMonky/FX Composer No No No No No No GUI andshadereditor
This Paper Yes Yes Yes Yes Yes Yes GraphicsQueryLanguage

Figure2: Thereis considerablevariety in currently available graphicsdevelopmenttools. Sometimeshe tool integrateswith unmodi ed
applications.Most tools allow examinationof textual state,e.g. viewport coordinates A limited numberof thesetools alsoallow textures
to beviewed. Line-by-line detuggingof vertex andfragmentshaderss becomingmorecommon.Sometools, like RenderMonky andFX
Composeravoid the dehugging paradigmentirely by allowing on-the- y reloadingof shademprograms.Performancero ling is the most
universally supportedfeatureof graphicstools. However, the methodusedto studythe dataobtainedby all of thesetools is universally
limited: sometoolsto performanalysisusinga GUI while othersoutputtext or image les.

entireprogramexecution. This ideais primarily usedto allow the

programmeto move backward aswell asforwardin time overthe

programexecutionduring the dehugging process.Another useful

concepis query-basedehugging[Lenceviciusetal. 1997]. Lence-
vicius et al. proposea delhuggingframework in which queriesare

usedto to searchout datawith speci ¢ propertiesandrelationships
from amongsthe stateof a standardCPU-basegbrogram.

Theseconceptsarerelevantto our dehuggingenginefor thegraph-
ics pipeline. We do not explicitly captureall dataasin the omni-
scientdehuggingtechniguejnsteadorganizingthedatainto virtual
tablesthat arethenbuilt only in responsedo userinput. The user
interactswith thesetablesusingrelationalalgebraqueries provid-
ing auniformmechanisnto controlthe capturingorganizationand
data-manipulatioprocessethatareinvolvedin typical dehugging
sessions.This approachis tightly coupledwith the useof visual-
izationtechniquesvhereser appropriatefor examplemappingdata
elementgo pixelsto help deluggingscalarquantities. The useof
relationalalgebraallows a simplesetof visualizationmodulego be
extendedto solve a variety of detuggingand problems.While vi-
sualizationhasbeenappliedto the dehuggingof graphicssoftware
mary timesovertheyears,t hasnotbeenappliedin suchageneral
mannetto dataextractedfrom insidethe graphicspipelineitself.

3 Query-based Approach

Thestandardapproachio detugginga programby sequentiallyfol-
lowing the progressof the CPU's programcounterover time has
beenin usesinceat least1961[MIT 1961]. Although this tech-
nigueworksreasonablyvell for tracingprogramson asingleCPU
or even multiple CPUs, it is more problematicfor delugging the
entire graphicspipeline. In particular considerthe ow of data
elementsfrom the vertex processingstage,throughthe rasteriza-
tion, andto the fragmentprocessingtage.For triangleprimitives,
thereis athree-to-oneelationshipof dataelementgoingfrom the
vertex processoto the rasterizerandthenthereis a one-to-mag
relationshipfrom therasterizeto thefragmentprocessorlt is hard
to conceve an effective linear time sequenceo follow datafrom
thestartof thepipelineto theend.

Consideiinsteada modelwhereindividual graphicsAPI commands
contribute new rows to an organizedrelationaldatabaseSometa-
blestrack the OpenGLstatewhile otherstrack triangles,vertices
andfragmentsreatedn the pipeline.Usingstandardelationalop-
eratorswe can not only restrictour queryto speci ¢ partsof the
databaséut also study the relationshipsamongthe datathat are
oftenlostin standarddeluggingapproachesThis working model
provesto be a powerful tool for examiningthe graphicspipeline.

Table Primary Foreign
Name Key Keys Description
App statelD Applicationstackandvariables
GL statelD OpenGLstate
Prims primID vertlD[0,1,2,...] | Mapstrianglesto vertices
Verts vertlD Vertex shadeiinputs
S\erts vertlD Vertex shadeoutputs
Frags Xy statelD,primID Fragmenshadeiinputs
SFrags Xy statelD,primID | Shadedragmentspre-culling
FB Xy statelD,primID Theframebuffer

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

3.1 State Tables

We representiatain the graphicspipelineasa setof virtual state
tables Thereis aseparatéablefor eachlogical partof thegraphics
pipeline, startingwith the applicationpoint and terminatingwith

the framebuffer. Generallyspeakinggeachcolumnof atablerep-
resentssomestatevariable,and eachrow represents 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 the OpenGLstate , whereaghe SVerts (shadedver

tices)andSFrags (shadedragments}ableshave columnsnotonly

for the outputvariablesof thesestageshut alsofor variablessetas
Ivaluesat eachline of a boundvertex or fragmentprogram(and
possiblymultiple iterationsof these).Clearly, thesetablescanget
quiteenormouspur goalwill beto populatetherows andcolumns
of thesetablesonly upondemand.

Primaryandforeign keys for eachtable,shovn in Figure 3, malke

it possibleto performrelationaljoins betweentables,establishing
functionalrelationshipssuchasverticesto fragments.Thesekeys

allow, for example,individual pixels to be associatedoth to an

OpenGLstatevalue that was setwhenthe pixel was createdand
to the particular primitive that was rasterizedto cover this pixel.

Theserelationshipsanbe establishediia the statelDand primID

keysrespectiely.

As we reachthe end of the graphicspipeline, dataelementspass
throughstencil,alpha,anddepthtestswith eachstagekilling some
fragments. Queriesinterestedn theseculling operationscanac-
cessall thecolumnsfrom SFrags, but with decreasingqiumbersof

rows. Queriesonthesetablescanbeachieedeitherby implement-
ing separateirtual tablesfor eachculling stage pr moresimply by

creatinga relationalalgebraexpressionto emulatethe samefunc-

tionality onthe CPU.
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Theframebuffer requirescarefultreatmenbecausét is technically
OpenGLstate. As would be expected,the frame buffer contains
individual columnsfor eachbuffer attribute — color, depth,sten-
cil andsoon. Rows are anothermatter: every time an OpenGL
call modi es the frame buffer, for examplea glDrawPixels call,

a whole new setof pixels becomesavailablein the frame buffer.

Thus, querying of this table needsto be judicious: querying
throughoutdrawing call wouldyield anew framebuffer aftereach
triangle,whereagjueryingat the endof adraw call would give the
buffer stateat theendof thatcall.

Anotherinterestingquestiorregardingthe framebuffer is its initial
state.Sometimest is moreusefulfor a framebuffer queryto pro-
vide only the newly-generatecpixels while othertimesa userwill
want to watchthe frame buffer asit evolvesfrom its initial state.
Both typesof outputscanbe obtainedn our model.

3.2 Specifying Data

In order to accessand manipulatethesetables, we createthe

graphicsquerylanguage GQL, basingit on the popularrelational
databasdanguageSQL. As in SQL, a singlecommand,SELECT
senesto performseveralrelationalalgebraoperationsprojection,
which Iters columns;selectionwhich Iters rows;andjoin, which

memgesrows from oneor moretablesaccordingto a columnrela-

tionship. For example,the following statemenselectsthe normal

vectorfrom line 37 of afragmentprogram:

SELECThormal:37 FROMSFrags

In practice thenotationis abit moreverbosesinceyouusuallywant
to nameyour outputfor later processingThe following command
is alittle morecommon:

CREATHABLEnormalTable FROM
(SELECTxy, normal:37 FROMSFrags)

This sortof tablecanthenbe handedo an RGB or normalvisual-
izerto shav usthenormalscomputecdy our fragmentprogram.Of
coursesincethiscommandselectedrom SFrags, it will obtainall
fragments not just the forward facingones. To getrid of mostof
thesestraypixels,we canadda restrictionto the expression:

SELECTxy,normal:37 FROMSFrags
WHERBormal:37).z >0

We have foundthatsupportfor vectors,vectorswizzling (shovn a
little bit here),andmatricesto becritical for GQL's usability Such
notationalcorvenience$elpmaintainclarity in analreadyerbose
language.

The utility of GQL becomesvident whenwe startmeiging data
from differentqueries.Insteadof studyingjust fragmentswe can
gure outwhich vertex indicescontributedto eachforward-facing
pixel:

SELECTSFrags.normal:37, Prims.vertIDO,
Prims.vertiD1, Prims.vertID2

FROMBFrags,Prims

WHERBormal:37).z > 0) &&
(SFrags.primlD == Prims.primID))

Fromhere,avariety of thingsarepossible.For example,we might
join this table with a variable capturedfrom the vertex shader
While the resultingstatementsnay seema bit long, they areactu-
ally afairly compactshorthandor a sweepingsetof modi cations
to an OpenGLapplicationandits shadersMaking suchmodi ca-
tionsby handmay be prohibitively dif cult andtime-consuming.

Figure4: Usinga WHEBtatemento extracta single sharkfrom a
sceneof 900sharksin the Atlantis demoprogram.

3.3 Selecting Objects

To applythedehiggermoreselectvely in the contet of alargeap-
plication with mary objects,the usercan prependto a selection
query a WHEMNXpression,which subsetshe OpenGL command
streamand effectively de nes which renderedobjectsshould be
capturedfor delhugging (seeFigure4). The WHERKxpressioncan
only acceswariablesfrom the Appand GLtables,sincethesecan
be evaluatedwithout the specialhandlingnecessaryo extractdata
from insidethe graphicsdriver. For example,we maysay:

WHEMpp.StackO=="main.cpp:42"
SELECTGL.ModelViewMatrix*Verts.Coord
FROMerts, GL
WHERKEoord > (0,0,0)) &&(coord < (1,1,1))
Whenthe applicationreachedine 42 in the le main.cpp,which
is presumablyaglEnd, glDrawArrays , or gIDrawElements call,
we selectall verticesinsidea unit cubeandtransformthemby the
currentmodelviev matrix. This exampledemonstrate&QL inte-
gratingwith an applications namespacelt is possiblein GQL to
accesgheapplications stackaswell asits globalvariables(via the
Apptable). This provesusefulwhenintegratingwith large applica-
tionswhoseOpenGLoutputis comple andvariableacrossrames
(due,for exampleto view-frustumculling).

The WHENtatementalso handlescaseswhere a simple SELECT
statementvould otherwiseleadto resultscontainingthousand®f
identicalrows. This canhappenin the FBandGLstatetables. For
example,if wewantto studythe OpenGLmodelviev matrix overa
frame's duration,we usethefollowing statement:

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

This givesusallist of the differentmodelviev matricesandwhere
they weresetduring the courseof a frame. Without the CHANGED
operatoy we would have capturedas mary rows as there were
OpenGLcallsin theframe,a potentiallyhugenumber
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Figure5: Extractinga singlemissileobjectfrom the BZFlagappli-
cation. BZFlag issuesbetween300 and 1000 drawing blocks per
frame, dependingon the viewing parametersnumberof missiles,
and othergamestate. The ability for WHEMNtatementso usethe
applications namespacén this casethe stack)is essentiafor this
sortof application.

From a designstandpoint,the effect of the WHEMNIausecan be
achiezed by ANDing togetherthe WHEBbnditionandthe SELECT
statemens WHERElause. While such statementshave more-
elegant query trees, evaluatingthem ef ciently at runtimeis ex-
tremelydif cult. We discusghis problemin Sectior4.3.1.

4 Implementation

Building a detuggeraroundGQL involves mary different deci-
sions, somealgorithmic and somedesign-oriented.We usedthe
following designprinciplesto guideour choicesin thesematters:

1. Recompilationand/orspecialinstrumentatiorof the applica-
tion shouldnotberequiredto detug a program.

2. Application output shouldremainunchangediuring the de-
buggingsession.

3. Thedehuggingalgorithmsshouldnotdependn customhard-
wareor driver modi cations. Similarly, the dehuggingshould
take placeon the actualtargethardware,notin softwaresim-
ulation.

4. Dehugging statementsnvolving fragmentand vertex pro-
gramsshouldbeissuedin thelevel of languagg(i.e., high or
low) usedby the programmer

5. The ability to visualizedatashouldbe anintegral partof the
dehugging ervironment,but shouldnot inhibit datamanipu-
lation.

The systemresultingfrom thesegoalsis a compellingdemonstra-
tion of the power of a comprehensie dehuggerfor the graphics
pipeline.

4.1 System Overview

Our systemusesa conventionaldetugger model: a graphicsap-
plication is instrumentedso thatits internalgraphicscalls canbe

User Application

' '

GL Interceptor Shader Interceptor
I
Y ‘

When Detection Query Engine

Debugger Ul

A

Stream Capture
Unmodified |___Column_Planner
Application
Output Virtual Column Drivers

|
Y

Figure6: Data o w throughthe OpenGLdeluggerlibrary. The
dehuggerlibrary runsinsidethe users processusingfake OpenGL
libraries.An externalprogramthenconnectgo this procesdo issue
queriesandvisualizetheresults.

dehugged. To this applicationprocesss attacheda userinterface
procesghat, in our case,is usedboth to issuequeriesandalsoto
visualizetheresults.

We usethe modelpioneeredoy WireGL [Humphreys et al. 2001]
and later Chromium [Humphregys et al. 2002] to instrumentthe
graphicsapplications renderingcalls. By masqueradings an
OpenGLdriverwe areableto interceptandmodify anapplications
draving commands.

The actualmodi cations we male to the graphicsstreamare de-
rived from the users GQL expressionsFirst, the WHEBtatements
in the users enteredqueriesare usedto breakthe OpenGLcom-
mandstreaminto “chunks” of the streamthat eitherareor arenot
of interest. Next, when a query referencesa column from one
of GQL's virtual tables,we modify the capturedOpenGL chunk
andre-rendeiit to extractthe virtual column's data. The resulting
columnsarethenhandedo a relationalalgebraenginethat evalu-
atestherestof the GQL queryandreturnsit to theuser

This basicalgorithmis modi ed slightly to preventinterruptionof
theoutputof anexisting OpenGLapplication.A systemcapableof
evaluatingGQL querieswithoutinterruption(depictedn Figure6)
operatesn thefollowing way:

1. Two interceptormodulesare usedto captureOpenGLcom-
mandsaswell asthe sourcecodefor ary shadersisedby the
graphicsapplication.

2. The usefulpartsof the capturedOpenGLstreamarelocated
by the WHERNetectionunit.

3. The sequencesf commandsmarked as useful by the WHEN
detectorarebufferedby SteamCaptue.

4. This buffer is playedonceto the applicationto guaranteein-
modi ed application outputandthen handedto the Column
Planner

5. We build a numberof Virtual ColumnDrivers which, when
handeda sequencef OpenGL commandssatisfy requests
for speci ¢ columnsfrom GQL s virtual tables.
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6. In the Column Planner we decide which virtual column
driversto useto satisfy outstandingcolumnrequestsaswell
astheorderin whichto runthem.

7. Satis edcolumnrequestsirepassedbackto thequeryengine,
which evaluategheremainingquerytreeandpasse# backto
the dehuggerfront-end.

The remainderof this paperreviews the various algorithmsand
methodsusedin thesemodules. First, we shav how to perform
multiple renderingpasse®n anincomingOpenGLstreamwithout
(a)asigni cant performancéit and(b) affectingtheexisting appli-
cation's output. Next, we discusshow to mapGQL, whosedomain
is thequerytree,ontolinearOpenGLrenderingpassesFinally, we
will discusghevariousvirtual columndriversthateachexecutein
asinglepassto extractvarioustypesof informationfrom theinput
OpenGLstream.

4.2 Low-Level Subsystems

The basic approachof this deluggeris to transparentlycapture
OpenGL commandsfrom the applicationand, controlled by the
GQL language renderthesecapturedcommandsmultiple times
into aseparatdéut identicalOpenGLcontet. Eachpasscontrolled
by its virtual column driver, will modify the commandstream
slightly in orderto capturea particularattribute from the graphics
pipeline.

Therearetwo basiccomponentso our low-level dehuggingengine
thatmale this whole procesgossible.First, therearea pair of in-

terceptorlibrariesthat capturethe OpenGLand shadercommand
streams.Secondthereis a systemthat buffers the OpenGLcom-
mandsandsetsup thesevirtual OpenGLcontexts.

4.2.1 Interceptors

The basisof our systemis a pair of fake stublibraries— onethat
interceptsOpenGL commandsand one that interceptsthe high
level sourcecode for the applications shaders. The Chromium
library [Humphreys et al. 2002] (and thus OpenGL)is a natural
choicefor our graphicsAPI interceptionproblembecauset re-
quireslittle modi cation to beadoptedo our goals.Not only does
Chromiumprovide a standardstreamprocessingramework for a
nearly-completesubsef OpenGL,it providesa numberof auxil-
iary tools thatturn out to be very usefulfor our purpose notably
the statetracker [Igehy et al. 1998] and the display-listmanager
We will discusshow we usetheseChromiumsubsystemén detail
in thenext section.

Oneof the goalsfor this systemis to dehug the fragmentprogram
in its high-level (or highest-leel) shadedanguageln otherwords,
if the usercodeda shaderin an ARB shaderassemblylanguage,
it shouldbe dehuggedat the assemblylevel, andso on. Because
GLSL was unstablewhen developmenton this systembegan, we
focusedon dehuggingshadersvrittenin Cg. Althoughthisleadsto
someCg-speci cnhuancesn our approachthereis no fundamental
reasorwhy our approachesannotbe adaptedo oneof the mary
otheravailableshadetanguages.

BecauseCg sourcecode never reachesthe OpenGL driver, we
have built asecondarynterceptioribrary thatinterceptdNVIDIA's
CgGLlibrary. Theactualstructureof our CgGL interceptomirrors
thatof the WireGL andChromiumlibraries: we build a sharedob-
jectwith identicalexportsasthe regular CgGL library, thenplace
thelibrary in sucha way thatthe dynamiclinker nds our library
ratherthantherealone.

Making high-level shaderdehugging work with languagesthat
compile to an intermediaterepresentatione.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 corvertedto an
integerbasedrepresentation.Becauseanstrumentinga high-level
languageoften changeshis mapping,it is critical for it to be ex-
portedfrom the shadercompiler In Cg, this datacanbe obtained
viathecgGetParameterResourcelndex interface.

4.2.2 Stream Capture

One inevitable consequencef using hardware for delugging is

output (and otherresourceyestrictions. For example,onerender
target-worth of datacanbe lled to capacityby arequesfor asin-
glematrix. Thisis compoundedby thefactthatasingleGQL query
canresultin an arbitrary numberof requestgor virtual columns.
Although this outputrestrictionproblemmay fadewith time, try-

ing to capturevertex shadewariablesat the sametime asfragment
shadewariablesis very dif cult. As long astheserestrictionsper

sist, beingableto performmultiple passe®ver the OpenGLcom-
mandstreamseemso be the only viable alternatve. Suchan ap-
proachallows the useof a divide-and-conquestratgly whenfaced
with querieghatcannotbeaccomplishedh asinglerenderingpass.
Thequestionis, how dowe do thisin OpenGL?

One approachto this problemis to createone OpenGL contet

for every virtual column andthenissuereplicatedOpenGLcalls
to each contet in round-robin fashion. However, this scales
badly becauseeachOpenGLcall endsup triggeringan expensve

glMakeCurrent call for every active context.

We have experimentedvith two waysto achieze multi-passrender

ing in the OpenGLsetting. The rst approachwhich we call the
streamcaptureapproachusesChromiums display list manaer,

which allows arbitrary OpenGLcommandstreamso be very ef-

ciently storedandreplayedfrom memory In effect, we usethe
GQL WHEBtatemento selectchunksfrom the OpenGLcommand
streamhatneedmulti-passenderingo becaptured Thesechunks
arestoredin a buffer usingthedisplaylist managerFor every ren-
dering passneededby GQL, we replay the display list and then
roll backary statechangesnadein the capturedchunkusingthe
Chromiumstatetradker, leaving uswith afreshcontet readyfor a

new renderingpass.

Thisapproactareswell enoughfor applicationghatissuetheirge-
ometryusingimmediate-modealls. Becausehe calls getpacked
into adisplay-list-like object,anindividual capturecancontainstate
changesn additionto drawing calls. This allows large scenego be
capturedn a singlepass.However, properOpenGLsemanticof-

ten dictatethat we maintainour own copy of dravn vertex arrays
ratherthan storing the applications original pointers. This over-

copying problemcanleadto poordraving performanceespecially
for largemodels.

This leadsto the secondapproachfor performingmultipassren-
dering,in which we ful Il all the necessargolumnrequesteach
time we encounte call that actually performsthe drawing. This
meanghatwe don't have to worry aboutrolling backstatechanges
otherthantheframebuffer andalsothatwe do nothave to carefully
handlelarge objectslik e vertex arraysto guarante@eplayability

A number of graphics-debgging peculiaritieslimit the perfor
mancegains of this approach. In somecases,a virtual column
driver will needto rewrite a vertex arrayto containextra vertex at-
tributes. This causesusto runinto the sameover-copying problem
thatis at issuewith the streambuffering approach.Furthermore,
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Figure 7: The leaves of GQL expressionsform a list of virtual
columngthatmustbeextractedfrom theOpenGLcommandstream.
Similarly, the WHENtatements$n the GQL querytell which rows
to get for thesevirtual columns. Ef cient evaluationof GQL re-
quiresthatwe usetheseconstraintso thatthe smallestamountof
the OpenGLstreamis buffered andthe fewestnumberof render
ing passesrethenusedto extractthe datanecessaryo satisfythe
virtual columnrequests.

whencapturingscenesuilt outof largenumberf draw calls, this
approachcanleadto over-calling of the virtual columndriver and
thuslarge numbersof expensve frame-tuffer readbacksln short,
the streamcaptureapproachwhile slow for largegeometryis eas-
ily codedandgeneric.In contrastthe perdrawn-call approactyives
speedupsor speci ¢ virtual columns but thosecostscanbe easily
lostto boundaryconditionsandlarge scenesBecausehe gainsof
the perdraw-call approachvary somuchfrom applicationto appli-
cation,we optto usethestreambuffering approachn ourdelugger
implementation.

The nal (andkey) low-levelissuefor thegraphicdeluggeris con-
text isolation. The deluggermustperformits delug renderinginto
asecondarglave contet thatis fully synchronizedvith the master
applicationcontet. The rst reasorfor thisis aestheticthedehug-
gershouldnotinterruptthe applications renderecutput. Thesec-
ondreasoris unavoidable:certaincolumnsareobtainedby reading
pixel datafrom the frameluffer. The slave contet requiresa oat-
ing pointvisualto preventthis datafrom beingclampedandquan-
tized to the framehuffer's depth setting. We accomplishcontext
isolationusingthe samestate-trackr algorithmusedin the stream
buffering system.

4.3 GQL Evaluation

Thebasicprimitivesof GQL evaluation,requestgor tablecolumns
organizedinto atreestructurearedif cult to mapontothedomain
of the graphicsdehugger As illustratedin Figure 7, two funda-
mentalproblemsmustbe solved. First, we mustcreatea stream
processingunit thatcancanefciently turn on andoff the stream
buffering subsystenin responseo the setof WHEBKpressionsn

theactive GQL queries.Secondanorderin whichto capturehere-
questedccolumnsmustbe created Oncethesetwo tasksaresolved,
evaluatingGQL is quite similar to thetaskof evaluatingSQL.

Theneedof GQL with regardto relationaldatabasearesimplein

thatwe donotrequirepersistencer concurreng. However, thede-
signof the buffering systemmalkesit impossibleto captureall of a
columnfor anentireframeandthento go backandcaptureanother
columnfor thesameframe.Instead GQL requireshatcolumnsbe
capturedall at oncewith their rows arriving sporadicallythrough-
outtheframeasde ned by the WHEBtatementThis arrival order
limits the applicability of mary queryoptimizationandevaluation
techniguesThus,thequeryprocessingnayalwaysbeasigni cant

costin deluggersof this design. This is certainlythe casein our
systemwhich usesa lightweight,custom-lilt evaluationengine.

4.3.1 When-Detection System

Thepointof WHEUlEtectionis to decide basednauserenteredx-

pressionwhento startand nish capturingan OpenGLcommand
stream. This featureis importantfor large graphicsprogramsin

which the usermay wish to dehug only a singletriangle amongst
an entire sceneof objects. GQL allows WHERKpressiongo con-
tain referenceso OpenGLstateaswell asglobalapplicationsym-
bolsandtheapplications stack.Our solutionto the WHERNetection
problemis simple: evaluatethe WHEXpressionevery time an
OpenGLcommands made.

To keeptheoverheadf this evaluationto anabsoluteninimum,we
implementa simple,lazy-evaluationsystemfor WHEBkpressions.
Whena WHEBkpressioris active, we make noteof which OpenGL
statevaluesit references Every state-changin@penGLfunction
is thencodedto consultthis tableto seeif it's statevalueis being
referenceandif so,triggerareevaluationof thatreferencing?VHEN
expression.To improve performancesf WHERvaluationfor appli-
cationsmakingmary immediate-mod®penGLcalls, we perform
special-caséandlingof WHENIocks whoseexpressionsare vari-
ableinsidedrawing blocks. This specialcasehandlingoccursfor
the App.Stack andGL.PrimID columns.

4.3.2 Column Planning

Whena chunkof the OpenGLcommandstreamhasbeencaptured
by thedelugger it is handedo thecolumnplanner A list of virtual
columnrequestss computedy aquicktraversalof all thecurrently
active WHEBkpressionsn thesystem Fromhere thecolumnplan-
ner'sjob is to obtainall of thesevirtual columnsfrom the buffered
stream.deally, thisis to bedoneusingaminimalnumberof passes.

The rst passof thecolumnplanneperformsextractionof columns
belongingto the App GL Verts andPrims tables. Columnre-
questsfor the Apptableis lled during the initial streamcapture
processsincebuffering applicationstatein the way that we buffer

OpenGLstateis redundant. As it turns out, the GL, Verts and
Prims tablescan be capturedduring the buffering stageas well.

This helps streamlineour column planning algorithms, allowing

certainqueriesto executeentirely-withoutbuffering.

The remainingcolumnsare treatedin a two-tieredfashion. Cer

tain columnsarefundamentallydominantin the formationof ren-
dering passesthesedominantcolumnsaretypically thosethatre-

quiresigni cant effort to satisfy suchasafragmentshadewariable
(e.g., SFrags.normal:30 ). Our schedulingalgorithm looks for

oneof thesedominantcolumnsand,if found, triesto captureboth
thedominantcolumnandary additionalcolumnsthatcanbe satis-
ed in thesamepass.For example,we canacquireSFrags.xy and
SFrags.z in the samepassusedto captureSFrags.normal:30 .

Onceall of the dominantcolumnshave beencapturedthe sched-
ulerresponddo columnrequest®n a pass-by-paslasis.

4.4 Column Acquisition

The nal challengen implementingaGQL ervironmentis to trans-
form (usingone or more passesjhe input graphicsstreamto pro-
ducethe outputrequestedby a virtual column. Thefollowing sec-
tionsdiscusghe methodghatusedin this process.

Two approachesare possiblein implementing virtual column
drivers.In thetheoreticallyelegantapproachindividual Chromium
streamprocessinginits (SPUs)are chainedtogetherduring a ren-
dering passwith eachSPU capturinga single GQL 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, the streamtransformationperformedby eachcolumndriver
are very simple, making this approachorganizationallyunneces-
sary As aresult,we opt for the monolithic stream-rariting ap-
proachin which all of the columndriversareimplementednside
onestreamprocessinginit.

4.4.1 Basic Shader Debugging

Mary of the columnsin GQL tablesmapto variablesinside ver
tex and fragmentshaders. To get this data, we follow the same
basicapproachusedby developersandexisting detuggingsystems
alike [Stephensor2000;PurcellandSen2003;0lano2005]— the
currentlyboundshadersrerewritten, outputtingthe variableof in-
terestto arendertarget. This approaclrequiresa small numberof
extraresourceso instrumentheshadeprogramsTheseresources
canrangefrom a few extra shaderinstructionsto an extra vertex
attribute or texture unit.

Therearea numberof basictricks requiredto make this approach
work in practice. First, we renderinto an off-screen oating point
buffer ratherthana standardramebuffer to avoid precisionprob-
lems. Even so, numeric precisionmust be carefully considered
whenpassingandextractingintegerquantitiesto andfrom theren-
dertamet, asis donewith the SFrags.primID virtual column,for
example.Anotheressentiatrick to productionshadeidehuggingis
the streambuffering system,which allows us to ignorethe whole
problemthat the available rendertargetscanstorea limited num-
berof outputchannelsWhenwe needto capturemoredatathanis
supporteddy the hardware,we breakthe problemup into multiple
renderingoasses.

Whenthis systemwas rst createdthe only matureshadinglan-
guageavailable that matchedour needswas NVIDIA's Cg lan-
guage. Thus, our deluggerfocuseson the challengeof dehug-
ging shaderswritten in the Cg language. While this introduces
certainnuanceshat are Cg-speci ¢, we seeour overall approach
asportableacrosghe gamutof shadinglanguagesfrom the ARB
assembly-styléanguage$o GLSL.

Interestingly Cg is actually more dif cult to detug than some
otherlanguagedecauseat compilesto an intermediaterepresen-
tation. Changeghat we malke to the high level shadercan alter

variableandattributeassignmenin theintermediateshadeformat.

Re-synchronizinghe intermediate-leel shaderAPI with the new

shademrequiresan extra remappingstep. We would not have en-

counteredandaddressethis issuehadwe doneour experimentsn

alanguageotherthanCg.

Once the Cg program string is acquiredthrough the low-level
shadeinterceptiorlibrary mentionecearliet it is brokendown into
atreestructureusingasimpleBisonparser Corveniently NVIDIA
providesan open-sourcé&g grammarvia their web site [NVIDIA
2001]. We usethisto performalightweighttraversalof theshaders
structure extracting (1) structuresand programargumentsand (2)
line andsymbolinformationfor every line in the program.Impor-
tantly, this parsingprocesstoresenoughinformationto reconstruct
the original sourcevia a treetraversal. This allows usto parsethe
shader edit the tree accordingto column-speci crewriting rules
and nally corvertthetreebackinto astringrepresentatiofor sub-
sequentendering.

4.4.2 Flow Control Issuesand Shader Rewriting

Therearea numberof basicproblemsthat arefundamentato the
taskof performingdehuggingby forcing early exit from ary pro-
gram. Themainquandaryis o w control: how do we handlecases
wherethevariableto beinspectedhencefortttalledthetargetvari-
able)is insidea conditionalblock?

Thisis actuallyatwo-partquandarythe rst partof whichis theis-
sueof returnvalue: How do we distinguishlegitimate outputfrom
sentinel(i.e., did not execute)output? We solve this problemby
designatingan arbitraryvalueto denotethe sentinelcondition. In
practice we have to usea smallrangeof valuesto compensatéor
thelimited precisionof graphicscards' oating pointunits. As sup-
portfor multiple rendertargetsbecomesnoreubiquitousit maybe
possibleto avoid this problementirely by dedicatinga channelin
theframebuffer exclusively to avalid bit.

The morevexing dilemmawith o w controlis how to implement
immediatereturnsinsidecontrolstatementsAs notedin Section2,

someshaderdehuggershave hadthe ability to exit from a shader
regardlessof program-counteposition. This is not the caseon

currentgraphicshardware. Our currentsolutionis to (recursvely)

rewrite if statementsothatall possiblebranchesetareturnvalue
for shadeprogram.

For-loops require specialtreatmentin our dehugging model. To
capturea variablefrom insidea loop, the userspeci esa constant
iterationnumber i, at which to extracta variable. This allows us
to breaktheloop into two parts. The rst partperformsthe zeroth
throughi  1thiterationsof theloop,thensecondpartperformsthe
ith iteration,which extractsthetargetvariable.While thisapproach
is somavhat ad hoc, thereis no obviously betterapproacho this
generabparalleldeluggingproblem.

A numberof othersmalldetailsmustalsobehandledduringshader
rewriting. First, extractingdatafrom secondanfunctionsrequires
usto inline the calledfunction andthenperform o w-control res-
olution on theresultingsource.Second)arge variablesthatdo not
t into therendertamget (e.g.,matrices)mustbe readbackandas-

sembledn severalpassednsteadof justone.

Our approachto this problemis a shortterm solutionto a long
termchallengefacinggraphicgprogrammersasgraphicshardware
evolvesmore complex control o w mechanismsthe systemused
to forceanintermediatevariableto the shadeoutputwill alsoneed
to mature.Hardware supportseemso be the clearway to achiese
this. In theinterim, approachesuchasoursandthe one usedin
ShadesmittiPurcellandSen2003]will likely continueasthe only
alternatve to softwareemulation.

4.43 The Frags/SFrags Column Driver

To acquirea columnfor the Frags table or the SFrags table, all
thatwe have to do is redirectthe target variableto the shademut-
put, renderthe sceneandreadbackthe framebuffer into our GQL
datastructuresThemainchallengen thefragmentprogramis how
captureall fragmentgthat are generatedatherthanjust thosethat
passthe z-test. To accomplishthis we currentlyusea straightfor
warddepthpeelingalgorithm[Everitt 2001]. First, we adda depth
texture samplerto the shaderaswell asa parametecontainingthe
depthvalueof the currentfragment.We thenprependa segmentof
codeto the shaderthatperformsanearly fragmentkill if thedepth
of thepixel is greatethenthedepthin thetexture. Thedepthbuffer
resultingfrom eachpassis fed backasinput to the next passand
we iterateuntil no new pixels arewritten to the framebuffer. Fig-
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float4 main(...

)S: COLOR

/I compute some shading, such as a reflectVec

Figure8: A sampldragmentprogranrewrittenby oursystem.This
programis performingdepthpeelingandfragmentvariabledehig-
ging, both of which have beenaddedby the detugger Additions
madeby our systemarehighlightedin green.

Figure9: Left: outputfrom a volumerenderingprogram. Right:
slicesfrom the volume obtainedfrom the SFrags tablevia auto-
maticdepthpeeling.

ure 8 shavs anexampleof suchcode. An exampleof this process
asappliedto volumerendererdehiggingis shavn in Figure9.

Giventhatour goalhereis to acquiredatavaluesfor all fragments,
it is worth noting thatthe depthpeelingapproachmay suffer from
robustnesproblemsn somesituations.Thisis dueto limited preci-
sionof thedepthbuffer andcanbe exacerbatedby theapplications
projectionmatrix. If we have anadditionalrendertargetavailable,
we caninsteadrecordthefragments primID in thistarget. Because
the primIDs areissuedin increasingorder we cantestthe primID
ratherthanthe depthin eachsuccessie passsothatevery fragment
is captured.

Generalizeccaptureof the primID columnrequiressomespecial
handling. This fragmentattribute reportswhich triangle,andthus
which vertices,contritutedto the fragment. To performthis cap-
ture, we unshae the verticesbeingissuedto OpenGLso thatver-

ticesareuniqueto a primitive. Then,a customvertex attribute cor-

respondingo the primitive ID is addedto the vertex andthe entire
modelis rendered We addthis parameternsa pass-througln the
vertex shaderandalter the fragmentshaderso thatthis new ID is

outputto the rendertarget. As with all readbackscare mustbe
taken when assigningprimitive identi ers so that they are stable
with regardto oating pointprecision.The ability to performmul-

tiple renderingpasseganbe usedto solve this problemrobustly.

As alludedto before,addingtheinputsto a fragmentor vertex pro-
gramcanleadto implementatiordif culties in languageglike Cg)
that compile to an intermediaterepresentation.This compilation
step, which removes deadcode and more importantly rearranges

struct  inputs f

float4 Position . POSITION;

float4 Normal : NORMAGB;
struct  outputs f

float4 hPosition : POSITION;... g;

outputs main(inputs N,

uniform float4x4 ModelViewProj,...) f
outputs OUT;

OUT.hPosition = mul(ModelViewProj, IN.Position);

return OUT,;

Figurel10: A samplevertex programrewritten by our system.This
programis detuggingthetransformedrertex coordinatesvhich are
returnedthroughthe rendertarget. The highlightedsectionshave
beenaddedby our system.

the assignmenof parameterso the intermediateregisters,means
thatOpenGLstateboundto thesentermediateegistersmustbere-
boundto the new registerassignmentdf futureshadinganguages
andAPIs take this reassignmenthallengeinto accountthe prob-
lem of shadeidehuggingcanbe considerablysimpli ed.

4.4.4 The SVerts Column Drivers

Themainchallengan dehuggingvertex programss creatinga de-
terministicand fastway to map of verticesto pixelsin the frame
buffer. This precludessimple methodswherethe sceneis simply
renderedvith pointsandthenscouredor non-sentinelvaluesasa
post-process.

Our solutionto this problemis to provide an extra vertex attribute
that, just beforethe vertex programends,is usedinsteadof the
newly-computedvertex coordinate Theextra attributeis anvertex-
speci ¢ identi er that, when combinedwith a uniform parameter
for theframebuffer width, allows usto packverticesinto theframe
buffer in row-majororder Thisis shovn in Figure10.

After this packingstephasbeenaddedwe delug a variableinside
the vertex shaderusingthe now-familiar stepsfrom our fragment
shademrewriting. To forward the variableto the frame buffer, we

modify the vertex programs outputstructureto passthe value of

the variable being dehugged. We thenreplacethe fragmentpro-

gramwith a pass-througlprogramthatjust outputsits oneinputat-

tribute. Finally, we renderthe entiresceneusingsingle-pidel point
primitives, performa readbaclandunpackingstep,andreturnthe
resultsto the GQL system.

4,45 Other Virtual Columns

A numberof driversfor GQL tablesremainundiscussedpamely
the App GL, Prims, Verts , and FBtables. As mentionedin the
GQL evaluationsection,the rst four of thesetablesare imple-
mentedinsidethe streamprocessothat performsstreambuffering
for performanceeasonsThe FBtablepiggy-backson the SFrags
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implementationbut disablegshedepth-peelinglgorithm. Thusit is
possibleandoftenusefulto askfor shadewariablesfrom theframe
buffer, e.g.,SELECTNormal:30 FROMPrims. Sinceapplication-
sidecameracontrolis still possibleduringdelugging,framebuffer
pixelsareoftenall thatis needed.

We usethelazy-evaluationtechniqueusedin WHERNetectionto ef-

ciently respondo queriesoverthe GLandApptables.We usethe
OpenGLstatechangesn this caseto performrun-lengthencoding
of the columns,allowing usto lazily populatethe tablewhile also
keepinga small memoryfootprint. This is especiallyusefulin re-
ducingoverheadvhenperformingpro ling.

5 Practical Usage and Examples

Theinterfaceto our detuggerprovidesthreethings:awayto pause
theapplicationawindow for enteringGQL commandsanda vari-
ety of toolsfor visualizingthe tablescreatedusingGQL. Onecon-
sequenc®f using GQL so heavily in our systemis thatcommon
visualizationtaskslik e the applicationof color mappingfunctions
canbeaccomplishedavith GQL queriesallowing usto getby with
a relatively simple userinterface. In practice,the simplestvisu-
alizationsare mostfrequentlyusedin regular dehuggingsessions.
The rst is the table view shavn in Figure12. In a surprisingly
large numberof casessimply having accesdo the properdatais
sufcient to detug a graphicsapplication.

For mary graphicsbugs,you canseethe problembut don't know
which vertex or triangleis to blame. Simple GQL statementsnd
visualizationscan be combinedto solve theseproblemsquickly.
For vertices, you rst “SELECTvertID,coord FROMerts ".
From here, you just visualize the verticesas points, clicking on
the problematicpointsto obtainthe vertex indices. To sa/e navi-
gationtime, you canmatchthe visualizations camerawith the ap-
plication'scamerawith “ SELECTmodelview,projection ~ FROM
GL. A similar approachis possiblewith fragments;visualizing
andpicking the pixels thatresultfrom “SELECTxy,primID,rgb
FROM-B' producesheframebuffer colorsplusthetrianglelD that
is visible at eachlocation. This provesusefulin delhuggingprob-
lemsthatmanifestonly from certainangles suchasgeometrymis-
alignmentor texture coordinateerrors.

With suchlarge quantitiesof data, it is not surprisingthat some-
times a good visualization provides more insight than a takular
view. Visualizationsshavn in Figure 11 demonstratehis — vi-

sualizingpointsand normalsis usefulfor detugginglighting and
similar re ection-driven algorithms. With volumerendererscap-
turing all fragmentgatherthanjust the framebuffer may be useful
for deluggingthingslik e lighting andcolor-mapping(seeFigure9).

This sameapproachs usefulwhendehuggingmulti-passandcom-
positingalgorithms.

Sometimes studying multiple frames of output is important
for graphics detugging. The view mechanismof GQL is
useful here: by creating a view of some GQL expres-
sion, e.g. “CREATE/IEWVertHistory FROMSELECTcoord
FROMsVerts) ", multiple framesof geometrywill be captured.
We canthen view eachframe independentlyor meige multiple
framesinto one via “SELECTHISTORMYramelD,coord FROM
VertHistory ". We expectthis to be usefulfor deluggingthings
like cameramovement,vertex skinning,or ary othertime-varying
aspecbf 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, drav count pro ling can be done in the most general

Figurell: A sequencef screenshotsin atypical detuggingses-
sion. Thetop-leftis anincorrectlyrenderedscene Thetop-rightis
theresultof viewing the main object's vertex coordinatesandnor
mals.We noticethenormalsareinvertedandcorrectthebugin our
applicationprogram.Viewed again in the delugger asseenin the
bottom-leftandright, we seethatthis hasindeed x edtheproblem.

way in GQL using familiar SQL operationsike GROUBY and
COUNSUNetc. A simple trace and pro le of all the applica-
tion's OpenGL calls can be obtainedusing “SELECTTIME(),
command-ROMsL.. More sophisticatedthings are possible:
by joining “WHENsDrawingCommand(GL.commandpELECT
command,blockID FROMsL with “SELECTXy,blockiD
FROMSFrags’, we can count both the overdrav at each pixel
along with which OpenGL drawing block responsiblefor the
fragment.

Finally, GQL canbe usedto obtain and study arbitrary OpenGL
objects. Thingslike texturesare part of the GLtableandarethus
retrieved with a simple select,e.g.,“SELECTTexture[0)] FROM
GL. This approachcan be particularly effective whendehugging
renderedextures,althoughin sucha casea WHEBkpressioris of-
ten usedto setwhenthe texture is actually capturedfrom the GL
table. Interestingly sincedrawing callsto an OpenGLphuffer use
the sameOpenGLstreamasthe main applicationcontet, a GQL
dehuggingsessioron anoffscreenbuffer is indistinguishabldrom
asessiorbeingappliedto aregularOpenGLcontext.

6 Conclusions and Future Work

Thesystenpresentedhereis animportantstepgowardthecreation
of a generalpurposegraphicsdetugger While our methodsare
by no meanghe nal word on the subject,particularlywhencon-
sideredin termsof speedand ease-of-usewe have shavn thata
generabndtransparengraphicsdehuggeris feasible.

Muchremaingo bedoneonthe OpenGLcompatibilityfront of our
implementation.Supportfor OpenGLs variousdatatypes,primi-
tive typesandtexture formatslimits our dehuggers currentporta-
bility. The samegoesfor multiple contexts, renderedextures,and
OpenGLextensions.We do not anticipateary fundamentaprob-
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Figurel2: Tableview of deluggingdata.

lemsin implementinghesefeatures.

Theapproaclhof this systemis by no meangerfect.Integrationof
thegraphicgipeline'snamespaceith theapplicationsnamespace
requiresfurther study Similarly, becauseve currentlyrespondo
queriesin a column-by-columrfashion,we precludea numberof
cleverandcommonqueryevaluationoptimizations As thingsstand
now, the databases our bottleneck. Coaxing performancefrom
sucha systemis aninterestingoroblemrequiringmorestudy

Visualizationof thedatathatcomesout of thegraphicipelinere-
mainsa fascinatingoroblem.For example,how doesonevisualize
theresultof a join betweenfragmentstriplets of vertices,andex-
tractedshadewariablesAVe have only begunto scratchthe surface
of theseproblemswith our presentvisualizationtools. Severalin-
terestingdirectionsmight be pursuedjncludingre-taskingGQL as
adatasourcefor existingtoolslike OpenDX,VTK or AVS or build-
ing anactualdehiggingenvironmentaroundthe GQL language.

In thispaperwe have presentethemethodsalgorithmsandimple-
mentatiorof theGraphicQueryLanguageThisdeluggingengine
provideswhatwe believeto bethe rst steptowardthedevelopment
of anend-to-endlehuggingsolutionfor moderngraphicshardware.
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