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Abstract
Theenormous�exibility of the modernGPU renderingpipelineas well as the availability of high-level shader
languages haveled to an increaseddemandfor sophisticatedprogrammingtools. As the application domain
for GPU-basedalgorithmsextendsbeyond traditional computergraphics,shaderprogramsbecomemore and
more complex. Theturn-aroundtime for debugging, pro�ling , and optimizingGPU-basedalgorithmsis now a
critical factor in applicationdevelopmentwhich is not addressedadequatelyby thetoolsavailable. In this paper
we presenta generic,minimal intrusive, and application-transparent solution for debugging OpenGLShading
Language programs,which for the�r st timefully supportsGLSL1.2vertex andfragmentshaders plustherecent
geometryshaderextension.By transparently instrumentingtheshaderprogramweretrieve informationdirectly
fromthehardwarepipelineandprovidedatafor visualdebuggingandprogramanalysis.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.4 [ComputerGraphics]:GraphicsUtilities – Soft-
wareSupportI.3.8 [ComputerGraphics]:MethodologyandTechniques– LanguagesD.2.5[Software]:Software
Engineering– TestingandDebugging

1. Intr oduction

Graphicsprocessingunits have evolved into highly �e x-
ible, massively parallel computingarchitecturesand have
reachedalevel of programmabilityroughlyresemblingtheir
CPU counterparts.Recent advancesinclude full integer
arithmetics,unlimited programinstructioncount,andgen-
uinedynamic�o w control.Simultaneously, this progressin
hardware technologywas followed by the introductionof
suitablehigh level shadinglanguages,i.e. HLSL, Cg, and
GLSL, nearlyaspowerful astraditionalCPUprogramming
languages.In addition, they offer also advancedfeatures,
like vector and matrix data types, re�ecting the underly-
ing SIMD architectureof theGPU.Thehigh computational
power of moderngraphicsprocessorscombinedwith the
easeof thesehigh level programminglanguagesallow for
moreandmorecomplex algorithmsto be implementedon
the GPU aswell asenablinga wideningrangeof applica-
tions to bene�t from the useof graphicshardwareasa nu-
mericalco-processingunit. Accordingly, shaderstendto be-
comemoreandmorecomplex.

However, thedevelopmentenvironment,in particularde-

buggingandcodeanalysistools, did not keepup with the
rapid advancesof the hardwareandsoftware interface.As
a result,developerstypically spendquitea largeamountof
time locatinganddebuggingprogrammingerrors.Thus,the
availability of effectivedebuggingmeansis essentialfor fast
andef�cient shadercodedevelopment.

In comparisonto a traditional debugger for sequential
CPUprograms,thespecialcharacteristicsof graphicshard-
wareposeadditionalchallengesfor ashaderdebugger. Most
important,thereis nodirectaccessto thehardware,i.e. there
is no speci�c low-level debugginginterface.Second,it has
to dealwith the intrinsic parallelismof the graphicshard-
warethatrequiresto dealwith thousandsor evenmillions of
threadsrunningin parallel.

In general,currentsolutionsfor shaderdebuggingcanbe
divided into two basicapproaches:softwareemulationand
shadercodeinstrumentation.Theformerusesasoftwareim-
plementationof the renderingpipeline in order to emulate
theexecutionof shaderprogramsaccordingto thespeci�ca-
tion of the shadinglanguage.This allows for direct control
of programexecutionandprovidesaccessto arbitrarydata
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content.Themaindrawbackof this approachis thatdebug-
gingis notperformedonthetargethardwareandresultsmay
thereforenot correspondto actualhardwarevalues.In con-
trast,shadercodeinstrumentationwill providetruehardware
values,but accessto thedatais complicated.Sincethereis
no direct accessto the individual processingelements,the
onlypossibilitytogetdatabackfromtheGPUis to readback
the�nal resultof ashaderinvocation,i.e.vertex attributesor
pixel color. Accordingly, it is commonpracticein shaderde-
velopmentto useprintf-stylevisualdebuggingby manually
rewriting the(fragment)shaderto returnthevalueof interest
asits �nal outputandto interprettheresultingimages.How-
ever, in the context of multi-passalgorithmsinvolving off-
screenrendertargetsor if debuggingfull �oating-point pre-
cisiondata,thedirectdisplayof intermediateresultsis often
not suf�cient anda fair amountof codechangesto thehost
programis requiredto permit readbackof renderingresults
to mainmemory. This is evenworsefor vertex andgeometry
processingunits,asthey do not outputdirectly displayable
contentanddebuggingthoseshadersmayrequireadditional
changesin subsequentstagesof therenderingpipeline.Fur-
thermore,this manualEdit&Continuestyleof debuggingis
tediousanderrorprone.

An ef�cient shaderdebuggingtool thereforemustbeable
to automaticallyinstrumentthe shadercodeand host pro-
gramin an application-transparentmanner. In particular, it
hasto work without explicit codechanges,i.e. doesnot re-
quiremodi�cation andre-compilationof thehostprogram.

In this paperwe presenta generic,minimal intrusive,
and light-weight solution for debugging OpenGLShading
Languageprogramsdirectly on the target hardware, that
operatescompletelyapplication-transparent.It supportsthe
full GLSL 1.2speci�cationfor vertex andfragmentshaders
including the recently introducedextensionfor geometry
shaders[NVI06]. Shaderdebugging is performedon a per
draw call level andallows singlesteppingandtheinspection
of arbitraryvariablecontent.

2. RelatedWork

Basicrequirementsfor a versatileGPUdebuggerhave been
de�ned by Purcell [Pur05] andmorerecentlyby Owenset
al. [OLG� 07]. They concludethat a practicaltool for GPU
debuggingshouldprovideessentiallythesamebasicfeatures
as a traditional debugger. Theseinclude variablewatches,
programbreakpoints,andsinglestepexecutionof theGPU
programs.Additional requirementsarise from a graphics
programmingpointof view. A GPUdebuggershouldusethe
actualtarget hardwareandnot a softwareemulation,there
shouldbe little to no interferencewith the GPU state,and
lastit shouldmaintainacertaindegreeof interactivity of the
debuggedhostprogramin orderto allow userinteraction.

Currently available debuggersfor graphicsapplications
for themajorgraphicsAPIs, i.e.OpenGLandDirect3D,can

be roughly divided into two distinct groups:graphicscalls
andstatedebuggers,anddedicatedshaderdebuggers.

The �rst group includesMicrosoft's Direct3D pro�ling
anddebuggingtool PIX [Mic07] anda numberof OpenGL
statemachinedebuggers,namelyspyGLass[Mag02], Bu-
GLe [Mer04], GLIntercept [Tre04] and the commercial
gDEBugger[Gra04]. While all of thesetools provide the
ability of API call tracingandloggingaswell asbreakpoint-
ing (PIX and gDEBuggerfurther allow to display various
performancecountersandotherpro�ling information),only
the PIX tool provides the possibility of shaderdebugging.
However, for shaderdebuggingPIX relieson the software
emulationof the Direct3D referencerasterizer, i.e. no ac-
tualhardwarevaluesaredebugged.In caseof OpenGLsome
of the above mentionedsolutionsprovide Edit&Continue
shaderediting, but currently no tool that we know of fea-
turesa full-�edged shaderdebugger.

On the other hand there are solutionsthat are speci�-
cally gearedtowardsshaderdebugging.TheAppleOpenGL
ShaderBuilder [App02] provides mechanismsto develop
anddebugARB vertex andfragmentshadersin acloseden-
vironment.The �rst tool to automatefragmentshaderde-
buggingin thecontext of the targetapplicationwasShade-
smith[PS03]. It introducedtheso-calledinteractivedeepen-
ing method,a techniquefor automaticallygeneratinga se-
quenceof truncateddebugprogramsfor singlestepexecution
of ARB assemblyfragmentprogramswithout �o w control.
UsingShadesmithrequiresslight sourcecodemodi�cations
of thehostprogram.Furthermore,its framelevel debugging
approachdid notallow for debuggingmulti-passalgorithms.

Another approachthat allows the analysisof the com-
pleterenderingpipelineincludingvertex andfragmentpro-
gramswasproposedby Ducaetal. [DNB� 05]. Theirsystem
is basedon the Chromium[HHN� 02] systemto intercept
and record the OpenGLcommandstreamand storesdata
from thepipelinein arelationaldatabase.Thisallowssubse-
quentqueriesfor arbitraryelementsof thecapturedOpenGL
stateusinga specializedquery language.Debugginghigh-
level Cg shadersis facilitatedby instrumentingshadersfol-
lowing an extentedinteractive deepeningapproachthat al-
lows for handlingdynamic�o w control.Up to now, thepro-
posedsystemis the most completesolution for the analy-
sis of OpenGLprograms.The availability of the complete
OpenGLstreamoffers ampleopportunitiesfor debugging
andpro�ling OpenGLapplications.Unfortunately, the sys-
temswasnevermadepublicly available.

Dueto thestreamexecutionmodelof graphicshardware,
debuggingGPU programsis alsocloselyrelatedto debug-
ging multi-threadedor distributed programs.There are a
numberof debuggingtools available [The07, All07, Tot07]
thatextendthetraditionalsequentialdebuggingparadigmto
supportthe debugging of parallel tasks.While thesesolu-
tions are well suitedfor debugging parallel programsin a
typical developmentenvironmentconsistingof few dozens
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Figure1: Systemarchitectureof ourGLSL debuggingenvironment.

of processors,their useis limited in the caseof massively
parallel executionwith thousandsof threads.Debugginga
fragmentshaderprogramon a very small viewport already
resultsin tensof thousandsof independentthreads.On the
other hand, debugging a GPU program is much simpler
with respectto the underlyingexecutionmodel. Unlike a
distributed parallel system,where inter-processcommuni-
cation and asynchronouseventsposethe major challenge
for debugging,theindependentexecutionmodelof theGPU
makesthingsmucheasier.

3. SystemOverview

The proposeddebugging architecturesplits into two main
componentsthat communicateby meansof exchanginges-
sentialdebug information,e.g.debug commands,statusin-
formation,anddebugdata.

The �rst componnetsis a library running in the process
spaceof thedebuggedhostapplication,which enablesusto
instrumentthehostapplicationfor debuggingGLSL shaders
in arbitraryOpenGLprogramswithout the needto recom-
pile or even having the sourcecode of the host program
available. The conceptis basedon interactively intercept-
ing all OpenGLcallsevokedby theapplicationduringpro-
gramexecutionwith full accessto all function parameters,
thus enablingamongother things the retrieval of shader
sourcecode.Dependingon the currentstateof the debug-
gerthisallows for eitherrunningthehostprogramunaltered
with only little performanceoverheador stoppingandstep-
ping throughthe executionof the target programon a per
OpenGLfunction call level. The later is usedto identify a
singledraw call astargetoperationfor shaderdebugging.In
addition,the instrumentinglibrary establishesa debugging
environment,i.e. �oat buffer objects,in the graphicalcon-
text of thehostapplicationthatpermitsnotonly theretrieval
of the requesteddebug resultsbut alsoassuresthat subse-
quentprogramexecutionis not affectedby the debugging
process.

Thesecondcomponentis theactualdebuggerapplication
thatcanbefurtherdividedinto two largemodules.First,our
GLSL shadercodeinstrumentationperformsautomaticcode
manipulation.An OpenGLshadinglanguageparseris used
to createan intermediaterepresentationfor a given shader
thatservesasbasisfor identifyingtheprogramexecutionor-
der, variablescopedetermination,and the manipulationof
shadersourcecodein a syntacticallyandsemanticallycor-
rectmanner. Thecompilerback-endis a GLSL codegener-
ator that reconstructsvalid shaderprogramsfrom the inter-
mediatelanguage.Second,a graphicaldebugginginterface
allows to controlprogramexecutionof both thehostappli-
cationandthetargetshader, to selectthedraw call of inter-
estfrom theOpenGLcommandstream,to specifydebugre-
questsfor shadervariabledata,andto provide capableanal-
ysisandinteractionmethodsfor thegenerateddebugresults.
Figure1 givesa brief overview of the main componentsof
oursystemandtheir interaction.

Basedon thesecomponentsthe generalcontrol �o w for
debugging a GLSL shaderprogramis as follows. For the
draw call of interestthesourcecodeandexecutionenviron-
mentof thecurrentlyboundGLSL shaderis readbackfrom
the OpenGLstateand passedto the shadercodeanalysis
module.We build anintermediaterepresentationthatserves
asbasisfor scopedetermination,debug codeinsertion,and
programcontrol �o w determination.Then,for eachdebug
stepin the shaderprogram,an augmenteddebug shaderis
generatedfrom theintermediaterepresentationandinserted
into theOpenGLstateof thehostapplication.Now thedraw
call is replayedandthedebug resultis readbackandtrans-
feredto thedebuggerapplication.

4. ShaderCodeAnalysis

In orderto establisha basisfor shadercodeinstrumentation
for a high-level shaderlanguagewith dynamic�o w control,
it is necessaryto fully analyzethe syntacticstructureof a
shaderprogramandto build anintermediaterepresentation,
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i.e.aparsetree.This treefully replicatesthesyntacticstruc-
ture of the programstring andprovidesthe basisfor auto-
matedcodemanipulation.In thecontext of Cg shadersthis
approachwassucessfullyappliedby Ducaet al. [DNB� 05]
for debugging purposes.In our casewe usea heavily up-
datedand extendedversionof 3DLabs' OpenGLShading
LanguageCompilerFront-end[3Dl05].

The main focus of 3DLabs' original code is the rapid
developmentof cross-platformcompilersfor low-level ma-
chine speci�c codegeneration.As the intendedback-ends
are highly vendorand hardware speci�c no actual imple-
mentationof a code generatoris supplied.Applying this
to shaderdebugging, the back-endis supposedto recon-
struct valid GLSL shadercode,which requiresadditional
programinformationto be storedin the intermediateparse
tree.Most importantly, this affectspreprocessordirectives,
variabledeclarationsaswell asuserde�ned struct data
types.Theformerneedsto bepreservedsincepreprocessor
statementsexposedirectcompilercontrol thatshouldaffect
notonly thedebugcompilationprocess,but alsosucceeding
compilationof the generatedcode.The later requiresaddi-
tional datato be stored,e.g.structurenames,which is not
necessaryin the context of machinelevel codegeneration.
To this end,theintermediaterepresentationwasextendedto
allow for syntacticallyvalid andsemanticallyequivalentre-
constructionof agivenshaderin thecompilerback-end.

In addition,the availablesystemwasupdatedto support
currentgraphicshardware.Unfortunately, developmentfor
the original compiler front-end stoppedwith support for
GLSL 1.10. Therefore,functionalitiesexposedby GLSL
version1.20, e.g. non-squarematrices,handlingof arrays
as �rst class objects, etc., had to be integrated follow-
ing the languagespeci�cation. At last, we included the
recent extensions for NVIDIA's G80 hardware, namely
the EXT_gpu_shader4 andNV_geometry_shader4
speci�cations[NVI06]. To achieve compatibility for shader
codethat relieson vendorspeci�c enhancementsto GLSL,
such as additional implicit type casts,we addedsupport
wherechangesweredocumentedor perceived.

5. ShaderInstrumentation

The requirementsfor shadercode instrumentationin the
context of automateddebuggingare threefold.First of all,
manipulationsto valid input code,i.e. shadersthat comply
with the GLSL speci�cation and its extensions,must re-
sult in syntacticallycorrectoutput,preservingthesemantic
structureof theinputprogramin all partsthatarenotdirectly
affectedby the debuggingprocess.In detail, requiredcode
additionsmustnot induceany sideeffects to output regis-
ters,exceptfor whatis necessaryto passthetargetdataval-
uesto thedebuggingenvironment.Particularly, with regard
to fragmentshaders,manipulationof the alphaand depth
outputarenot permissible,asthey in�uence thesubsequent
per-fragmenttests.Furthermore,codemanipulationshould

beminimal to assurea maximumdegreeof similarity to the
input program,in particularwith respectto hardwarelimi-
tationssuchasnestinglimits. Finally, thecodeinstrumenta-
tion is requiredto allow debuggingof any variablein scope
atarbitrarycodepositionsonanexpressionlevel.

In contrastto interactive deepening,we do not terminate
the programreconstructionandexecutiondirectly after the
debug target,but alwaysrestorethe completeinput shader.
Thisensuresthatsubsequentcalculationsthatmayaffectper
elementtests,e.g.depthor alphatest,arestill performedby
the instrumentedcode.In order to output debug values,a
newly insertedvarying is usedin caseof vertex andgeom-
etry shaders,while for fragmentprogramsit is necessaryto
useat leastonecolor channelof a boundrendertarget.As
GLSL featuresread-writeaccessto output registers,early
manipulationof anoutputregisterattherequesteddebugpo-
sitionmayintroducesideeffectsto theexecutionof succeed-
ing partsof thecode.Therefore,we de�ne a globalvariable
to buffer thedebug resultuntil it is safeto write its content
to a resultregister, i.e. until theprogramcontrol �o w termi-
nates.For all newly addedvariablesweassureuniquenames
to avoid scopecollisionsby appendingrandomsuf�x es, if
necessary.

Theadditionalcodeintroducedto assignarequestedvari-
able to the debug register is in most casesdirectly added
in front of the target statementby using the sequence(, )
operator. This methodproved to be the most �e xible and
generic.As the sequenceoperatorcanbe usedin placefor
any singleexpression,its operationorderfrom left to right
is well-de�ned,andthereturntypeandvaluearede�ned by
theright-mostoperand,which will all becomerelevantlater
on.An examplefor basicshadercodeinstrumentation,with
automaticallyaddedcodemarkedin boldface,is shown here:

f l oa t dbgResul t ;
voi d main ( ) {

dbgResul t = gl _Col or . x ,
gl _FragCol or = gl _Col or � 2 . 0 ;

gl _FragDepth = gl _FragCol or . x ;
gl _Fr agCol or . x = dbgResul t ;

}

5.1. Conditionals

In contrastto traditionaldebuggersfor serialprograms,not
all threadsnecessarilyneed to follow the sameprogram
path.For inhomogeneouscasestheuserhasto decidewhich
branchshould be followed. To be able to basethis deci-
sionon currentvariablecontent,debuggingneedsto beper-
formed after the evaluation of the conditional test itself,
given that sideeffectsof the testpossiblycausethe target
variable to change.On the one hand,addingthe required
debug expressionafter the conditionalstatementusing the
sequenceoperatorwould resultin a wrongevaluationof the
testandthusbreaksthesemanticequivalencewith respectto
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the original program.This is dueto the fact that the right-
mostoperanddeterminesthe resultvalue,which would be
thenewly addedexpression.On theotherhand,codeinser-
tion cannotbemovedinsidethebranchbodyfor condition-
alsthatdo not affect all elements,asit is thecasefor condi-
tionalswithoutanelse branch.

As the usualway of insertingthe debug codecannotbe
applied in this specialcase,the proposedsolution usesa
temporary, locally de�ned variableto buffer theresultof the
conditionaltest.Again,by utilizing thecharacteristicsof the
sequenceoperator, the conditionaltest is evaluatedbefore
the shaderinstrumentationwhile the resultingvalueof the
usedsequenceis assuredto equalthe original conditional
statement.This is illustratedin thefollowing codefragment.

bool dbgCond ;
i f ( dbgCond = ( ( i ++) < 10 ) ,

dbgResul t = f l oa t ( i ) , dbgCond ) {
i = 20 ;

}

5.2. Loops

SinceGLSL exposesno built-in loop counters,debugging
statementsat a speci�c userde�ned iteration inside loops,
i.e. statementsfor which thecorrespondingcall stackholds
elementsenclosedby a loop structure,iterationrequiresthe
de�nition of a debug loop counterpernestinglevel. Having
thesecountersde�ned at globalscopeallows for debugging
aspeci�c iterationevenif thetargetisnotdirectlyanelement
of theloopbodyanymore,asit occursby steppinginto user-
de�ned functions.

Thereare two alternatives for addingloop-aware debug
code.Oneis insertinganif blockthatrestrictsitsbodytobe
evaluatedonly if the loop countermatchestherequestedit-
eration.Thedisadvantagesof thisapproacharetwofold.The
if statementcannotbe usedin placefor arbitraryexpres-
sionsandinsertionof debugcodewould increasethenesting
level andmay exceedthe hardwaregiven limit. Insteadwe
proposeto usethelogical-AND (&&) operatorthatevaluates
the right-handoperandonly if the left-handoperandevalu-
atesto true.An additionaltrue expressionis appendedto
the debug assignmentto assurescalarBooleanreturntype.
An equivalentconstructis possibleusingtheselection(?: )
operator. Bothdo not increasethenestinglevel andarevery
likely to mapto conditionalwrite maskson graphicshard-
ware,asindicatedby NVIDIA's cgccompiler.

i n t dbgI t er 0 ;
. . .
dbgI t er 0 = 0 ;
f or ( i = 1 0 ; i > 0 ; i � � , dbgI t er 0++ ) {

( dbgI t er 0 == 5 & &
( dbgResul t = f l oa t ( i ) , t r ue ) ) ,
f += f ;

}

5.3. Function Calls

To debug a called function only at a single distinctive in-
vocation,thecompletefunction is duplicatedandrenamed.
We usethis approachin favor of addingconditionalcodeto
the functionbody, aschangesarethuslimited to thedebug
call stackandevaluationof non-debuggedcallsremaincom-
pletelyunaffectedby additionalcode.

In addition to the function call itself alreadyits param-
eterscan inducesideeffects,which requiresto placecode
after executionof all parameters,but still beforethe actual
function call. This problemis similar to debuggingcondi-
tionals,asit is describedabove.Thekey elementis to buffer
therightmostin parameterandinsertcodeafter its evalua-
tion. This is suf�cient, asinout andout parametersneed
to bel-valuesin GLSL andthuscannotfeaturesideeffects.

voi d F( i nout i n t p1 , i n t p3 , out i n t p4 ) ;
. . .
i n t dbgPar am ;
F( i , ( dbgPar am = ( k += j ) ,

dbgResul t = k , dbgPar am ) , k ) ;

6. Host Application Instrumentation

As alreadymentioned,instrumentingtheshadercodeis only
partof theproposedsolution.Sincegraphicsapplicationsof-
tenemploy a numberof differentshaderprograms,it hasto
be possiblefor the user to selectthe one of interest.Fur-
thermore,sincethe executionof a shaderprogramis trig-
geredsolelyby renderinggeometry, ashaderdebuggermust
alsoprovideamethodfor selectingthedraw call of interest.
This meansthatat leastpartof the functionalityof conven-
tional OpenGLstatemachinedebuggersis required.Most
importantly, a possibility for interactively steppingthrough
OpenGLcallsasthey areinvokedby theapplication.

Acting asaninterfacebetweenthehostandthedebugged
shader, the application instrumentationmust provide the
meansfor replacingthe original shaderprogramby an in-
strumentedone,to executeit, andto readbackthedebugre-
sults,therebyensuringthat thehostapplicationis oblivious
of thesechanges.In short,thegeneralprocessof debugging
ashaderfor agivendraw call is asfollows:

1) Setupadebugenvironment(Sec.6.1)
2) Recordthetargetdraw call (Sec.6.2)
3) For eachshaderdebuggingrequest

Inject instrumentedshaderin OpenGLstate
Replaydraw call andreadbackdebug result

4) RestoretheoriginalOpenGLstate
5) Replaydraw call to ensurecorrectcontinuation

For instrumentingthe host applicationwe usea combi-
nationof OpenGLcommandstreaminterception[BHH00]
andthenativeptrace debuggerinterface[Ins90] available
on Linux systems.However, our approachis not limited to
theLinux operatingsystem.OtherUnix systemsaswell as
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the MS Windows API provide equivalent functionality for
monitoringandcontrolling theexecutionof processesfrom
within a debugger. Ptraceis alsousedfor transferringdata
betweenthe addressspacesof the hostapplicationandthe
graphicaldebugging environment.Additional communica-
tion betweenthe debuggerandthe hostapplicationis han-
dledthroughasharedmemorysegment(seeFigure1).

OpenGLcommandstreaminterceptionis realizedby a
sharedlibrary thatprovidesfunctionhooks,i.e.functiondef-
initions with thesamesignature,for all possiblecalls to the
OpenGLandGLX library. Thesewrapperfunctionsareau-
tomatically generatedfrom the interfacedeclarationspro-
videdby theOpenGLandGLX C header�les. Thus,thesys-
tem trivially supportsall vendor-speci�c extensionsknown
at compiletime.Mappingthedebug library into theprocess
spaceof the hostapplicationthroughthe preloadingmech-
anismprovidedby thedynamiclinking facility of theoper-
atingsystemcausesits exportedsymbolsto takeprecedence
over symbolsof librariesoccurringlater in symbol lookup
scopeand thereforeallows us to interceptall calls to the
original OpenGLimplementation.Again, a similar mecha-
nismexistsfor MS Windows,namedDLL hooking[HB99].

Basically, eachwrapperfunctionis responsiblefor thefol-
lowing threetasks.First, it mustprovide the debuggertool
with information aboutthe function that is called, i.e. the
functionnameandits parameters.Second,it hasto bepos-
sible to call the original function and,eventually, commu-
nicatethe potentialresultof the call or an error that might
have occurredto the debugger. And last, it hasto provide
the meansof performingan arbitrarynumberof additional
debug operations.This functionality is realizedby suspend-
ing the normalexecutionof the debuggedprogramimme-
diately after enteringa wrapperfunction and switching to
a specialdebug commandexecutionmode.First, the name
of the called function aswell as the addressesof its func-
tion parametersandtheir respective typesarestoredin the
commonsharedmemorysegment.Then,asimpleeventloop
is entered.The debuggercan now accessthe information
provided by the wrapper function and issuedebug com-
mands.Amongothersthis includesfunctionalityfor record-
ing the current call for later playback,replaying a previ-
ously recordedOpenGLstream,retrieving thecurrentlyac-
tiveGLSL shaderprogram,injectinganew debugshader, or
readingbacktheresultsof ashaderdebugstep.Most impor-
tantly, this alsoincludescalling the original OpenGLfunc-
tion to guaranteeproperoperationof thehostapplicationor
evoking thefunctioncall with modi�ed parametervaluesin
orderto facilitatedebugging.

Besidesthedescribedfunctionalityfor OpenGLcall step-
ping, thepreloadlibrary offersanadditionalimmediateex-
ecutionmodethat allows runningthe programwithout ac-
tually interruptingprogramexecutionuntil a stopcommand
from thedebuggeris received.This providesthepossibility
of userinteractionwith thetracedprogram.

6.1. Debug envir onment

The setupof the debug environmentdependson whethera
fragmentor avertex or geometryshaderis debugged.In case
of vertex andgeometryshadersvertex data,i.e. the values
of varyingsemittedby the respective GLSL shader, hasto
becaptured.This is accomplishedby usingthe recentlyin-
troducedNV_transform_feedback [NVI06] extension
thatallows to capturevertex dataprior to theclipping stage
of the renderingpipeline and to storeit into vertex buffer
objectsthatcanbesubsequentlymappedinto mainmemory.
In orderto capturecorrectdatafrom a vertex shader, a po-
tentiallyactivegeometryshaderhasto bedisabled.Thecur-
rent primitive modefor transformfeedbackis eithergiven
by theoutputprimitive modeof thegeometryshaderbeing
debuggedor by the primitive modespeci�ed for the draw
call in questionin caseof avertex shader.

Readingback resultsfrom fragmentshadersis realized
usingtheEXT_framebuffer_object extensionwhich
in contrastto transformfeedbackis available on all cur-
rentgraphicshardware.A single32bit �oating-point RGBA
color attachmentis usedto capturedebug values.Addition-
ally adepthrenderbuffer andif necessaryastencilbuffer are
attachedto theframebuffer object.To assurecorrectresults
wehaveto takecareof theper-fragmentoperationssetupand
to disableall partsof the imagingpipelinethat may affect
debug values.In orderto correctlyrebuild the target appli-
cations' behaviour, per-fragmenttestsshouldoperateiden-
tically regardlesswhetherthey work on the original target
or debug renderbuffer. For debugging purposes,however,
direct control of thesetestsis desirable,e.g. disablingthe
depth/alphatestmaybebene�cial in certaincases.Therefore
theusercanchoosewhetherto copy alpha,depth,andstencil
from thecurrentlyboundframebuffer or to clearthemto user
de�ned valuesfor eachshaderstep.Furthermore,thepossi-
bility for enablingor disablingindividual fragmenttestsand
blendingis provided.

All OpenGLstatechangesrequiredto readback debug
dataareimplementedin awaythatis completelytransparent
for thehostapplication,i.e. theOpenGLstatewhenleaving
thedebugstageis thesameasbeforeenteringit.

6.2. OpenGL StreamRecordingand Playback

Debugging shaderprogramsrequiresto repeatedlyrender
thegeometrythat triggerstheir execution.Although it pos-
sible to recordand replay an arbitrary streamof OpenGL
commands[DNB� 05], we restrictourselvesto track single
draw calls.ThismeansthateitherasingleOpenGLfunction
call,e.g.glDrawArrays , or animmediatemodestreamof
OpenGLcommandsdelimitedby glBegin andthecorre-
spondingglEnd call is recorded.Sinceanimmediatemode
streammayalterGL state,it is alsonecessaryto save those
partsof thestatethatmaychangeinsidesuchablock.Work-
ing on a perdraw call level hasseveraladvantages.In com-
parisonto relying on automaticor forced frame redraws,
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recordandreplayis muchmore�ne-scaledand�e xible, al-
lowing for debugginganimationsandmulti-passalgorithms.

However, the draw call recordingand playbackmethod
hasits own pitfalls that have to be avoided.Renderingthe
samegeometrymultiple times invalidatesOpenGL query
objectsandproducesincorrectresultsif theapplicationuses
transform feedbackmode, which results in incorrect be-
havior if programexecutionis continuedafter debugginga
shader. However, theseproblemscan be solved by taking
specialcareof active queryobjects.In caseof timer queries
the solution is simple:We just ignore them,sincethe sig-
ni�cance of timing resultsusing an instrumentedapplica-
tion programis questionableanyway. On the other hand,
the result of occlusionor primitive queriesmight be cru-
cial for the correctoperationof an algorithm.The solution
we proposeis to keeptrack of active queryobjects.When
enteringthe shaderdebug stage,active queriesare termi-
natedand their current valuesare saved. The queriesare
restartedusingthe samequeryobjectnameswhenleaving
thedebug stage.Subsequentrequestsfor QUERY_RESULT
now must return the sum of saved and current query re-
sult.Dealingwith activetransformfeedbackmodeis similar.
Every time thehostapplicationcallsBeginTransform-
FeedbackNV , it has to be checked whethera TRANS-
FORM_FEEDBACK_PRIMITIVES_WRITTEN_NVquery
is alreadyactive. If this is not the case,we start our own
query. Thus,we cankeeptrackof thenumberof primitives
actuallywritten to the buffer. Of course,queriesstartedby
thehosthave to beaddressedasdescribedbefore.An active
transformfeedbackcannow beterminatedwhenenteringthe
shaderdebug stageandit canberestartedusingappropriate
buffer offsetsobtainedfrom theprimitivequeriesonexit.

7. Practical Considerations

Usingtheproposedsystemfor debugginga shaderprogram
is similar to usinga traditionalsourcelevel debugger. How-
ever, therearesomedifferencesdueto thespecialcharacter-
isticsof graphicshardware.

7.1. Interacti veShaderDebugging

Froma userspoint of view thetypical work�o w of a debug
sessionis split into two major tasks.First, by usinga com-
binationof interactively executingthetargetapplicationand
OpenGLcall stepping,thedraw call of interestfor shaderde-
buggingis selected.For improvedusability thereis support
for jumpingto thenext draw call, shaderswitch,or any user-
speci�edOpenGLfunctionaswell asfor optionallystopping
programexecutionuponOpenGLerrors.In additionto pure
program�o w inspection,it is possibleto directly manipu-
late the OpenGLstatemachineby editing functioncall pa-
rameters,e.g.changingshaderprogramuniforms.Next, the
userselectsa target shaderandstartsdebuggingby single
steppingthroughthecode.Dueto theparallelnatureof the

Figure2: Usingtheloopanalysistool for comparingtheef-
�ciency of avolumerenderingexamplewith (left) andwith-
out (right) earlyray termination.Notethehighernumberof
fragments(y-axis)breakingout of the loop per iteration(x-
axis)in the�rst case.

GPU,additionaluserinteractionis requiredatprogram�o w
decisions,i.e. conditionalsandloops.At each�o w control
instructionit is necessaryto specifywhichexecutionpathto
follow. In caseof conditionalswhetherto stepinto thetrueor
thefalsebranchor in caseof loopsif theloopshouldbeleft
or anotheriteration shouldbe performed.Thesedecisions
can be basedon arbitrary debug dataand are additionally
supportedby aperelementevaluationandvisualrepresenta-
tion of thecorrespondingcondition.At any time during the
debug processtheusercanselectvariablesfrom thecurrent
scopeandaddthemto thelist of activewatchvariables.The
actualnumericalvaluesof watchvariablescanthenbe in-
spectedon a per elementlevel (vertex or fragment)or by
usingspecializedvisualdebuggingtools.For fragmentdata
this currentlyincludesan imageviewer that maps�oating-
pointfragmentdatato acolorimage.While thisis thecanon-
ical solution for fragments,in caseof vertex datasuchan
inherentgeometricalanalogydoesnotnecessarilyexists.So
far we offer two possibilitiesfor inspectionof vertex data:
table views and scatterplots. Figure 3 and 4 on the color
plate pageshow screenshotsof typical debug sessionsfor
fragmentandgeometryshaders.

7.2. AdvancedAnalysis

Combinedinstrumentationof the host applicationand the
shaderenablesfunctionality thatextendsbeyondtraditional
debugging. As an example, we implementedan in-depth
loop pro�ling tool thatsummarizesstatisticaldatafor all it-
erationsof a loop. This facilitates,for example,identifying
the critical pathof a shader. Figure2 shows an analysisof
theef�ciency of earlyray terminationin avolumerendering
application.

7.3. Limitations

Although the presentedapproachis very general,thereare
also somelimitations. Most importantly, since shaderin-
strumentationis donein a high-level language,it depends
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strongly on the correctnessand reliability of the vendor-
speci�c GLSLcompilerandontheassumptionthatcodema-
nipulation,if performedin a semanticallycorrectway, does
not in�uence the programexecution.In caseof a driver or
hardwarebug, resultsaretotally unpredictable,i.e. the bug
maynotmanifestfor theinstrumentedshaderor, evenworse,
it will be triggeredby the instrumentationin the �rst place.
However, basedon our practicalexperiencecurrentGLSL
compilersseemto bequitemature.

Otherlimitationsconcernoursolutionfor debuggingver-
tex and geometryshaders.The necessaryextensionsare
currentlyonly supportedon the NVIDIA G80 architecture.
However, sinceDirect3D 10 requiressimilar functionality
for streamingoutvertex data,weexpectall upcomingGPUs
to supporta comparablefeature.Furthermore,it is not pos-
sible to debug vertex programsthat operateon primitives
generatedby theOpenGLdisplaylistsmechanism.As there
is no possibility of �nding out what kind of primitiveswill
be submittedby the executionof a display list. However,
transformfeedbackmoderequiresspeci�cationof the out-
putprimitive type.

8. Conclusion

In this paperwe presenteda systemfor debugging GLSL
programsthat retrieves data directly from the hardware
pipeline. Our solution allows to debug the completepro-
grammableOpenGLshaderpipeline, including vertex, ge-
ometry, andfragmentshaders.Furthermore,it improveson
theprintf-styledebuggingapproachstill prevalentin today's
shaderdevelopmentasit cannot only beusedfor visualde-
buggingbut alsofor programanalysis.Theproposedsystem
�ts well into theshaderdevelopmentpipelineasit operates
completelyapplication-transparentanddoesnot requireany
codechangesor re-compilationof thehostapplication.Our
implementationof thesystemis availablefor downloadfrom
theprojectwebpage.

Futurework includesa MS Windows port of theapplica-
tion instrumentationsub-system,a conceptof breakpoints
for the parallel executionmodel of shaderprograms,and
moreadvancedprogram�o w analysis,e.g.control �o w of
a singlefragment/vertex, andstatisticssupport,e.g.number
texturelookupspersampler.
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Figure3: A typicaldebuggingsession:Fromtheoriginalapplication's (top right) OpenGLstreamasingledraw call is selected
andtheactive fragmentshaderis debuggedhaving shadersourcecode,scopelists,variabledatacontent,andgraphicalanalysis
tools at hand.Statusinformationof the currentlydebuggedloop statement(bottomright) supportsthe userin program�o w
decisions.

Figure4: Debugginga geometryshader:Datainspectionis performedon a per input primitive level, showing for eachinput
primitive the resultingoutput primitives and their correspondingvertices.Variablecontentat the currentdebug position is
shown for eachinput primitive. Additionally, for alreadyemmittedverticesthe variablevaluesat the time of emissionare
shown. Questionmarksindicateoutputverticesthatarenotyetemitted.
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