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Abstract

Theenormousexibility of the modernGPU renderingpipeline as well as the availability of high-level shader
languages haveled to an increaseddemandfor sophisticatedporogrammingtools. As the application domain
for GPU-basedalgorithms extendsbeyond traditional computergraphics,shaderprogramsbecomemore and
more comple. Theturn-aroundtime for dehugging, pro ling, and optimizing GPU-basedalgorithmsis now a
critical factor in applicationdevelopmentvhich is not addressedadequatelyby the tools available In this paper
we presenta generic, minimal intrusive and application-tanspaent solution for detugging OpenGLShading
Language programs,which for the r sttimefully supportsGLSL1.2 vertex and fragmentshades plustherecent
geometryshaderextension By transpaently instrumentingthe shaderprogram we retrieve informationdirectly
fromthe hardware pipelineand provide datafor visualdetugging and programanalysis.

CategoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.4[ComputerGraphics]:GraphicsUtilities — Soft-
ware Supportl.3.8 [ComputerGraphics]:Methodologyand Techniques- Language®.2.5 [Software]: Software

Engineering- TestingandDelugging

1. Intr oduction

Graphicsprocessingunits have evolved into highly e x-

ible, massvely parallel computingarchitecturesand have

reacheadlevel of programmabilityroughlyresemblingheir

CPU counterparts.Recentadwancesinclude full integer
arithmetics,unlimited programinstructioncount,and gen-
uinedynamic o w control. Simultaneouslythis progressn

hardware technologywas followed by the introduction of

suitablehigh level shadinglanguagesi.e. HLSL, Cg, and
GLSL, nearlyaspowerful astraditional CPU programming
languageslin addition, they offer also advancedfeatures,
like vector and matrix datatypes,re ecting the underly-
ing SIMD architectureof the GPU. The high computational
power of moderngraphicsprocessorcombinedwith the
easeof thesehigh level programminglanguagesllow for

more and more comple algorithmsto be implementedon

the GPU aswell asenablinga wideningrangeof applica-
tionsto bene t from the useof graphicshardwareasa nu-

mericalco-processingnit. Accordingly shadergendto be-
comemoreandmorecomple.

However, the developmentervironment,in particularde-
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bugging and codeanalysistools, did not keepup with the
rapid advancesof the hardware and software interface.As
a result,developerstypically spendquite a large amountof
time locatinganddeluggingprogrammingerrors.Thus,the
availability of effective dehuggingmeansds essentiafor fast
andef cient shadeicodedevelopment.

In comparisonto a traditional dehugger for sequential
CPU programsthe specialcharacteristicef graphicshard-
wareposeadditionalchallengesor a shadedehigger Most
importantthereis nodirectaccesso thehardware,i.e.there
is no speci ¢ low-level delugginginterface.Secondjt has
to dealwith the intrinsic parallelismof the graphicshard-
warethatrequirego dealwith thousand®sr evenmillions of
threadsunningin parallel.

In generalcurrentsolutionsfor shaderdehiggingcanbe
divided into two basicapproachessoftware emulationand
shadercodeinstrumentationTheformerusesa softwareim-
plementationof the renderingpipelinein orderto emulate
theexecutionof shadeprogramsaccordingo the speci ca-
tion of the shadinglanguageThis allows for direct control
of programexecutionand providesaccesgo arbitrary data
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content.The maindravbackof this approachs thatdehug-
gingis notperformednthetargethardwareandresultsmay
thereforenot correspondo actualhardwarevalues.In con-
trast,shadecodeinstrumentationill providetruehardware
values,but accesgo the datais complicated Sincethereis
no direct accesdo the individual processingelementsthe
only possibilityto getdatabackfrom theGPUis to readback
the nal resultof ashadeinvocation,i.e. vertex attributesor
pixel color. Accordingly, it is commonpracticein shadede-
velopmentto useprintf-style visual dehuggingby manually
rewriting the (fragment)shadeto returnthevalueof interest
asits nal outputandto interprettheresultingimagesHow-
ever, in the context of multi-passalgorithmsinvolving off-
screerrendertagetsor if dehuggingfull oating-point pre-
cisiondata thedirectdisplayof intermediateesultsis often
not sufcient anda fair amountof codechangego the host
programis requiredto permitreadbaclof renderingresults
to mainmemory Thisis evenworsefor vertex andgeometry
processinginits, asthey do not outputdirectly displayable
contentanddehuggingthoseshadersnayrequireadditional
changesn subsequergtagef therenderingpipeline.Fur-
thermore this manualEdit&Continuestyle of detuggingis
tediousanderrorprone.

An ef cient shadedehuggingtool thereforemustbeable
to automaticallyinstrumentthe shadercode and host pro-
gramin an application-transparemhanner In particular it
hasto work without explicit codechangesi.e. doesnot re-
quiremodi cation andre-compilationof the hostprogram.

In this paperwe presenta generic, minimal intrusive,
and light-weight solution for detugging OpenGL Shading
Languageprogramsdirectly on the target hardware, that
operatessompletelyapplication-transparenit supportsthe
full GLSL 1.2 speci cationfor vertex andfragmentshaders
including the recently introducedextensionfor geometry
shaderdNVI06]. Shaderdehuggingis performedon a per
draw call level andallows singlesteppin@ndtheinspection
of arbitraryvariablecontent.

2. RelatedWork

Basicrequirementgor a versatileGPU dehuggerhave been
de ned by Purcell[Pur03 and morerecentlyby Owenset
al. [OLG 07]. They concludethata practicaltool for GPU
dehuggingshouldprovide essentiallthesamebasicfeatures
as a traditional delugger Theseinclude variable watches,
programbreakpoints,andsinglestepexecutionof the GPU
programs.Additional requirementsarise from a graphics
programmingpointof view. A GPUdeluggershouldusethe
actualtarget hardware and not a software emulation,there
shouldbe little to no interferencewith the GPU state,and
lastit shouldmaintaina certaindegreeof interactvity of the
dehuggedhostprogramin orderto allow userinteraction.

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

be roughly divided into two distinct groups:graphicscalls
andstatedelhuggersanddedicatedshadedehiggers.

The rst group includesMicrosoft's Direct3D pro ling
anddehuggingtool PI1X [Mic07] anda numberof OpenGL
statemachinedetluggers,namely spyGLass[Mag02, Bu-
GLe [Mer04, GLlIntercept[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
performanceountersandotherpro ling information),only
the PIX tool providesthe possibility of shaderdehugging.
However, for shaderdetugging PIX relieson the software
emulationof the Direct3D referencerasterizeri.e. no ac-
tualhardwarevaluesaredetuggedIn caseof OpenGLsome
of the abare mentionedsolutionsprovide Edit&Continue
shaderediting, but currently no tool that we know of fea-
turesafull- edged shadedelugger

On the other hand there are solutionsthat are speci -
cally gearedowardsshadedehigging.The Apple OpenGL
ShaderBuilder [App0Z provides mechanismgo develop
anddehug ARB vertex andfragmentshadersn a closeden-
vironment.The rst tool to automatefragmentshaderde-
buggingin the contet of the target applicationwas Shade-
smith[PS03. It introducedhe so-callednteractve deepen-
ing method,a techniquefor automaticallygeneratinga se-
guenceof truncateddehug programdor singlestepxecution
of ARB assemblyfragmentprogramswithout o w control.
Using Shadesmitliequiresslight sourcecodemaodi cations
of thehostprogram.Furthermoreits framelevel dehugging
approachdid notallow for dehuggingmulti-passalgorithms.

Another approachthat allows the analysisof the com-
pleterenderingpipelineincluding vertex andfragmentpro-
gramswasproposedy Ducaetal. [DNB 05]. Theirsystem
is basedon the Chromium[HHN 02] systemto intercept
and record the OpenGL commandstreamand storesdata
from the pipelinein arelationaldatabaseThis allows subse-
guentqueriedor arbitraryelement®f thecaptureddpenGL
stateusing a specializedquery language Dehugging high-
level Cg shaderss facilitatedby instrumentingshaderdol-
lowing an extentedinteractve deepeningapproachthat al-
lows for handlingdynamic o w control.Up to now, the pro-
posedsystemis the mostcompletesolution for the analy-
sis of OpenGL programs.The availability of the complete
OpenGL streamoffers ample opportunitiesfor dehugging
andpro ling OpenGLapplicationsUnfortunately the sys-
temswasnever madepublicly available.

Dueto the streamexecutionmodelof graphicshardware,
dehugging GPU programsis also closelyrelatedto dehug-
ging multi-threadedor distributed programs.There are a
numberof deluggingtools available[The07 All07, Tot07]
thatextendthetraditionalsequentiablehuggingparadigmto
supportthe dehugging of paralleltasks.While thesesolu-
tions are well suitedfor dehugging parallel programsin a
typical developmentervironmentconsistingof few dozens
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Figurel: Systemarchitectureof our GLSL deluggingervironment.

of processorstheir useis limited in the caseof massvely
parallel executionwith thousandf threads.Delugginga
fragmentshademprogramon a very small viewport already
resultsin tensof thousand®of independenthreads.On the
other hand, detugging a GPU programis much simpler
with respectto the underlying execution model. Unlike a
distributed parallel system,where inter-processcommuni-
cation and asynchronougvents posethe major challenge
for dehugging,theindependengéxecutionmodelof the GPU
malkesthingsmucheasier

3. SystemOverview

The proposeddehugging architecturesplits into two main
componentshat communicatéy meansof exchanginges-
sentialdelug information, e.g. delug commandsstatusin-
formation,anddelug data.

The rst componnetss a library runningin the process
spaceof thedehuggedhostapplication which enablesisto
instrumenthehostapplicationfor deluggingGLSL shaders
in arbitrary OpenGL programswithout the needto recom-
pile or even having the sourcecode of the host program
available. The conceptis basedon interactively intercept-
ing all OpenGLcalls evoked by the applicationduring pro-
gramexecutionwith full accesdgo all function parameters,
thus enablingamong other things the retrieval of shader
sourcecode.Dependingon the currentstateof the detug-
gerthisallows for eitherrunningthe hostprogramunaltered
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 shadeidehugging.In
addition, the instrumentinglibrary establishes dehigging
ervironment,i.e. oat buffer objects,in the graphicalcon-
text of thehostapplicationthatpermitsnotonly theretrieval
of the requestediehug resultsbut also assureghat subse-
quentprogramexecutionis not affected by the detugging
process.

¢ Associatiorfor ComputingMachinery Inc. 2007.

The seconccomponents the actualdehuggerapplication
thatcanbefurtherdividedinto two largemodulesFirst, our
GLSL shadecodeinstrumentatioperformsautomaticcode
manipulation An OpenGLshadinglanguageparseris used
to createan intermediaterepresentatiorior a given shader
thatsenesasbasisfor identifying the programexecutionor-
der, variable scopedeterminationand the manipulationof
shadersourcecodein a syntacticallyand semanticallycor
rectmanner The compilerback-ends a GLSL codegener
atorthatreconstructwvalid shademprogramsfrom theinter
mediatelanguage Seconda graphicaldelugginginterface
allows to control programexecutionof both the hostappli-
cationandthetargetshaderto selectthe draw call of inter-
estfrom the OpenGLcommandstreamto specifydehug re-
guestdor shadewariabledata,andto provide capableanal-
ysisandinteractionmethoddor thegeneratediehigresults.
Figure 1 givesa brief overview of the main component®f
our systemandtheirinteraction.

Basedon thesecomponentghe generalcontrol o w for
dehugging a GLSL shaderprogramis as follows. For the
draw call of interestthe sourcecodeandexecutionerviron-
mentof the currentlyboundGLSL shadeiis readbackfrom
the OpenGL stateand passedo the shadercode analysis
module.We build anintermediateepresentatiothatsenes
asbasisfor scopedeterminationdelug codeinsertion,and
programcontrol o w determinationThen,for eachdehug
stepin the shaderprogram,an augmentediehig shaderis
generatedrom theintermediataepresentatioandinserted
into the OpenGLstateof the hostapplication Now thedrav
call is replayedandthe detug resultis readbackandtrans-
feredto thedehuggerapplication.

4. ShaderCodeAnalysis

In orderto establisha basisfor shadercodeinstrumentation
for ahigh-level shadelanguagewith dynamic o w control,
it is necessaryo fully analyzethe syntacticstructureof a
shademprogramandto build anintermediataepresentation,
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i.e.aparsetree.Thistreefully replicateghesyntacticstruc-
ture of the programstring and providesthe basisfor auto-
matedcodemanipulation.n the context of Cg shadershis
approachwassucessfullyappliedby Ducaetal. [DNB 05]

for delugging purposesin our casewe usea heaily up-
datedand extendedversionof 3DLabs' OpenGL Shading
LanguageCompilerFront-end 3DI05).

The main focus of 3DLabs' original codeis the rapid
developmentof cross-platformcompilersfor low-level ma-
chine speci ¢ codegenerationAs the intendedback-ends
are highly vendorand hardware speci ¢ no actualimple-
mentationof a code generatoris supplied.Applying this
to shaderdehugging, the back-endis supposedo recon-
struct valid GLSL shadercode, which requiresadditional
programinformationto be storedin the intermediateparse
tree.Most importantly this affects preprocessodirectives,
variabledeclarationsaswell asuserde ned struct  data
types.Theformerneedso be presered sincepreprocessor
statementsxposedirectcompilercontrolthatshouldaffect
notonly thedelug compilationprocesshput alsosucceeding
compilationof the generatedcode.The later requiresaddi-
tional datato be stored,e.g. structurenameswhich is not
necessaryn the context of machinelevel codegeneration.
To this end,theintermediateepresentatiowasextendedto
allow for syntacticallyvalid andsemanticallyequivalentre-
constructiorof agivenshadeiin the compilerback-end.

In addition,the available systemwasupdatedto support
currentgraphicshardware. Unfortunately developmentfor
the original compiler front-end stoppedwith supportfor
GLSL 1.10. Therefore,functionalities exposedby GLSL
version1.20, e.g. non-squarematrices,handling of arrays
as rst class objects, etc., had to be integrated follow-
ing the languagespeci cation. At last, we included the
recent extensionsfor NVIDIA's G80 hardware, namely
the EXT_gpu_shader4 andNV_geometry_shader4
speci cations[NVI06]. To achieze compatibility for shader
codethatrelieson vendorspeci ¢ enhancement® GLSL,
such as additional implicit type casts,we addedsupport
wherechangesveredocumentear perceved.

5. ShaderlInstrumentation

The requirementsfor shadercode instrumentationin the
contet of automateddehugging are threefold.First of all,
manipulationgo valid input code,i.e. shaderghat comply
with the GLSL speci cation and its extensions,must re-
sultin syntacticallycorrectoutput, preservinghe semantic
structureof theinputprogramin all partsthatarenotdirectly
affectedby the detuggingprocessin detail, requiredcode
additionsmustnot induceary side effectsto outputregis-
ters,exceptfor whatis necessaryo passthetamgetdataval-
uesto the deluggingenvironment.Particularly, with regard
to fragmentshadersmanipulationof the alphaand depth
outputarenot permissibleasthey in uence the subsequent
perfragmenttests.Furthermore codemanipulationshould

be minimal to assurea maximumdegreeof similarity to the
input program,in particularwith respecto hardware limi-
tationssuchasnestinglimits. Finally, the codeinstrumenta-
tion is requiredto allow detuggingof ary variablein scope
atarbitrarycodepositionson anexpressiorlevel.

In contrastto interactve deepeningye do not terminate
the programreconstructiorand executiondirectly after the
dehug tamget, but alwaysrestorethe completeinput shader
Thisensureshatsubsequentalculationghatmayaffectper
elementests,e.g.depthor alphatest,arestill performedby
the instrumentedcode. In orderto output delug values,a
newly insertedvarying is usedin caseof vertex andgeom-
etry shaderswhile for fragmentprogramst is necessaryo
useat leastone color channelof a boundrendertarget. As
GLSL featuresread-writeaccesso outputregisters,early
manipulatiorof anoutputregisterattherequestediehug po-
sitionmayintroducesideeffectsto theexecutionof succeed-
ing partsof thecode.Thereforewe de ne aglobalvariable
to buffer the delug resultuntil it is safeto write its content
to aresultregister i.e. until the programcontrol o w termi-
natesFor all newvly addedvariablesve assurainiquenames
to avoid scopecollisions by appendingandomsufx es, if
necessary

Theadditionalcodeintroducedo assignarequestedari-
able to the delug registeris in most casesdirectly added
in front of the target statemenby using the sequencsd, )
operator This methodproved to be the most e xible and
generic.As the sequenc@peratorcan be usedin placefor
ary single expressionjts operationorderfrom left to right
is well-de ned, andthereturntype andvaluearede ned by
theright-mostoperandwhich will all becomerelevantlater
on. An examplefor basicshadercodeinstrumentationyith
automaticallyaddedcodemarkedin boldface is shavn here:

float dbgResult;
void main() {
dbgResult = gl_Color .x,
gl_FragColor = gl_Color 2.0;
gl_FragDepth = gl_FragColor.x;
gl_FragColor .x = dbgResult;
}

5.1. Conditionals

In contrastto traditionaldetuggersfor serialprogramsnot
all threadsnecessarilyneedto follow the sameprogram
path.Forinhomogeneousasegheuserhasto decidewhich
branchshould be followed. To be able to basethis deci-
sionon currentvariablecontent,detuggingneedgo be per
formed after the evaluation of the conditional test itself,
given that side effects of the test possibly causethe target
variableto change.On the one hand,addingthe required
dehug expressionafter the conditionalstatemenusing the
sequenceperatomwould resultin awrong evaluationof the
testandthusbreakghesemantiequivalencewith respecto

¢ Associationfor ComputingMachinery Inc. 2007.
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the original program.This is dueto the fact that the right-
mostoperanddetermineghe resultvalue, which would be
the newly addedexpressionOn the otherhand,codeinser
tion cannot be movedinsidethe branchbodyfor condition-
alsthatdo not affect all elementsasit is the casefor condi-
tionalswithoutanelse branch.

As the usualway of insertingthe detug codecannotbe
appliedin this specialcase,the proposedsolution usesa
temporarylocally de ned variableto buffer theresultof the
conditionaltest.Again, by utilizing the characteristicsf the
sequenceperator the conditionaltestis evaluatedbefore
the shaderinstrumentatiorwhile the resultingvalue of the
usedsequencas assuredo equalthe original conditional
statementThisis illustratedin thefollowing codefragment.

bool dbgCond;
if (dbgCond = ((i++) < 10),
dbgResult = float (i), dbgCond) {
i = 20;
}

5.2. Loops

Since GLSL exposesno built-in loop counters,dehigging
statementat a speci ¢ userde ned iterationinside loops,
i.e. statementgor which the correspondingall stackholds
elementsnclosedyy aloop structurejterationrequiresthe
de nition of adelug loop counterpernestinglevel. Having

thesecountergde ned at global scopeallows for detugging
aspeci citerationevenif thetargetis notdirectlyanelement
of theloop bodyanymore,asit occurshy steppingnto user

de ned functions.

Thereare two alternatves for addingloop-avare delug
code Oneisinsertinganif blockthatrestrictsts bodyto be
evaluatedonly if theloop countermatcheshe requestedt-
eration. Thedisadwantage®f thisapproacharetwofold. The
if statementannotbe usedin placefor arbitrary expres-
sionsandinsertionof detug codewould increasehenesting
level andmay exceedthe hardware given limit. Insteadwe
proposeo usethelogical-AND (&&) operatothatevaluates
the right-handoperandonly if the left-handoperandevalu-
atesto true. An additionaltrue expressionis appendedo
the delug assignmento assurescalarBooleanreturntype.
An equivalentconstructis possibleusingthe selection(?: )
operatorBoth do notincreasehe nestinglevel andarevery
likely to mapto conditionalwrite maskson graphicshard-
ware,asindicatedby NVIDIA's cgccompiler

int dbglterO;

dbglter0 = 0;

for (i = 10; i > 0; i
(dbglter0 ==5&&
(dbgResult = float (i), true)),
f +=f;

, dbglter0++) {

}
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5.3. Function Calls

To dehug a called function only at a single distinctive in-
vocation,the completefunctionis duplicatedandrenamed.
We usethis approaclhin favor of addingconditionalcodeto
the function body, aschangesrethuslimited to the dehug
call stackandevaluationof non-deliggedcallsremaincom-
pletelyunafectedby additionalcode.

In additionto the function call itself alreadyits param-
eterscaninduceside effects, which requiresto placecode
after executionof all parametershut still beforethe actual
function call. This problemis similar to dehugging condi-
tionals,asit is describechbore. Thekey elemenis to buffer
therightmostin parameteandinsertcodeafterits evalua-
tion. Thisis sufcient, asinout andout parametersieed
to bel-valuesin GLSL andthuscannotfeaturesideeffects.

void F(inout int pl, int p3, out int p4);

int dbgParam;
F(i, (dbgParam = (k += j),
dbgResult = k, dbgParam) , k);

6. Host Application Instrumentation

As alreadymentionedinstrumentingheshadeicodeis only
partof theproposedolution.Sincegraphicsapplicationof-
tenemplgy a numberof differentshademprogramsijt hasto
be possiblefor the userto selectthe one of interest.Fur
thermore,sincethe executionof a shadermprogramis trig-
geredsolelyby renderinggeometrya shadedehuggermust
alsopravide a methodfor selectingthedraw call of interest.
This meanghatat leastpart of the functionality of conven-
tional OpenGL statemachinedehuggersis required.Most
importantly a possibility for interactively steppingthrough
OpenGLcallsasthey areinvokedby theapplication.

Acting asaninterfacebetweerthe hostandthedetugged
shader the application instrumentationmust provide the
meansfor replacingthe original shadermprogramby anin-
strumenteane,to executeit, andto readbackthedehugre-
sults,therebyensuringthatthe hostapplicationis oblivious
of thesechangesln short,the generaprocesf dehugging
ashadefrfor agivendraw call is asfollows:

1) Setupadehlugervironment(Sec.6.1)

2) Recordthetamgetdraw call (Sec.6.2)

3) For eachshadedeluggingrequest
Injectinstrumentedshadelin OpenGLstate
Replaydraw call andreadbackdehugresult

4) Restoregheoriginal OpenGLstate

5) Replaydraw call to ensurecorrectcontinuation

For instrumentingthe host applicationwe usea combi-
nation of OpenGLcommandstreaminterception]BHHOOQ]
andthenative ptrace  deluggerinterface[Ins9( available
on Linux systemsHowever, our approachs not limited to
the Linux operatingsystem.OtherUnix systemsaswell as
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the MS Windows API provide equivalent functionality for

monitoringandcontrolling the executionof processefrom

within a detugger Ptraceis alsousedfor transferringdata
betweenthe addresspacef the hostapplicationandthe

graphicaldehugging ervironment. Additional communica-
tion betweenthe deluggerandthe hostapplicationis han-
dledthrougha sharednemorysggment(seeFigurel).

OpenGL commandstreaminterceptionis realizedby a
sharedibrary thatprovidesfunctionhooks,i.e. functiondef-
initions with the samesignaturefor all possiblecallsto the
OpenGLandGLX library. Thesewrapperfunctionsareau-
tomatically generatedrom the interface declarationspro-
videdby theOpenGLandGLX C headerles. Thus,thesys-
tem trivially supportsall vendorspeci c extensionsknown
at compiletime. Mappingthe dehug library into the process
spaceof the hostapplicationthroughthe preloadingmech-
anismprovided by the dynamiclinking facility of the oper
atingsystemcausedts exportedsymbolsto take precedence
over symbolsof libraries occurringlaterin symbollookup
scopeand thereforeallows us to interceptall calls to the
original OpenGLimplementationAgain, a similar mecha-
nismexistsfor MS Windows, namedDLL hooking[HB99].

Basically eachwrapperfunctionis responsibléor thefol-
lowing threetasks.First, it mustprovide the dehuggertool
with information aboutthe function that is called, i.e. the
function nameandits parametersSecondjt hasto be pos-
sible to call the original function and, eventually commu-
nicatethe potentialresultof the call or an error that might
have occurredto the detugger And last, it hasto provide
the meansof performingan arbitrary numberof additional
dehug operationsThis functionality is realizedby suspend-
ing the normal executionof the deluggedprogramimme-
diately after enteringa wrapperfunction and switching to
a specialdehug commandexecutionmode.First, the name
of the calledfunction aswell asthe addressesf its func-
tion parameterandtheir respectre typesare storedin the
commonsharednemorysegment.Then,asimpleeventloop
is entered.The deluggercan now accesshe information
provided by the wrapperfunction and issue detug com-
mands Amongothersthis includesfunctionality for record-
ing the currentcall for later playback,replaying a previ-
ouslyrecordedOpenGLstreamyetrieving the currentlyac-
tive GLSL shadeprogram,njectinganew dehug shaderor
readingbacktheresultsof a shadedehug step.Mostimpor-
tantly, this alsoincludescalling the original OpenGLfunc-
tion to guarantegroperoperationof the hostapplicationor
evoking the function call with modi ed parametewraluesin
orderto facilitatedehugging.

Besideghedescribedunctionalityfor OpenGLcall step-
ping, the preloadlibrary offers an additionalimmediateex-
ecutionmodethat allows runningthe programwithout ac-
tually interruptingprogramexecutionuntil a stopcommand
from the detuggeris receved. This providesthe possibility
of userinteractionwith thetracedprogram.

6.1. Debug ervironment

The setupof the delug ervironmentdependon whethera
fragmentor avertex or geometryshadeis detuggedIn case
of vertex and geometryshadersvertex data,i.e. the values
of varyingsemittedby the respectie GLSL shaderhasto

be capturedThis is accomplishedy usingthe recentlyin-

troduced\V_transform_feedback [NVI106] extension
thatallows to capturevertex dataprior to the clipping stage
of the renderingpipeline andto storeit into vertex buffer

objectsthatcanbe subsequentlynappednto mainmemory
In orderto capturecorrectdatafrom a vertex shadera po-

tentially active geometryshadehasto bedisabled Thecur

rent primitive modefor transformfeedbackis either given
by the outputprimitive modeof the geometryshadetbeing
dehuggedor by the primitive modespeci ed for the drav

call in questionin caseof avertex shader

Readingback resultsfrom fragmentshaderss realized
usingthe EXT_framebuffer_object extensionwhich
in contrastto transformfeedbackis available on all cur
rentgraphicshardware.A single32bit oating-point RGBA
color attachments usedto capturedetug values.Addition-
ally adepthrenderbuffer andif necessargstencilbuffer are
attachedo the framebuffer object.To assurecorrectresults
we haveto take careof theperfragmentboperationsetupand
to disableall partsof the imaging pipeline that may affect
dehug values.In orderto correctlyrehuild the taget appli-
cations' behaiour, perfragmenttestsshouldoperateiden-
tically regardlesswhetherthey work on the original target
or dehug renderbuffer. For detugging purposeshowever,
direct control of thesetestsis desirablee.g. disablingthe
depth/alphdestmaybebene cialin certaincasesTherefore
theusercanchoosevhetherto copy alpha,depthandstencil
from thecurrentlyboundframeluffer or to clearthemto user
de ned valuesfor eachshaderstep.Furthermorethe possi-
bility for enablingor disablingindividual fragmentestsand
blendingis provided.

All OpenGLstatechangesequiredto readback detug
dataareimplementedn away thatis completelytransparent
for the hostapplication,.e. the OpenGLstatewhenleaving
thedelug stageis the sameasbeforeenteringit.

6.2. OpenGL StreamRecordingand Playback

Dehugging shaderprogramsrequiresto repeatedlyrender
the geometrythattriggerstheir execution.Althoughit pos-
sible to recordand replay an arbitrary streamof OpenGL
commandgDNB 05], we restrictoursehesto track single
draw calls.This meanghateithera singleOpenGLfunction
call,e.g.glDrawArrays , oranimmediatemodestreanof
OpenGLcommandsielimitedby glBegin  andthe corre-
spondingglEnd callis recordedSinceanimmediatemode
streammay alter GL state,it is alsonecessaryo save those
partsof thestatethatmaychangensidesuchablock. Work-
ing onaperdraw call level hasseveraladwantagesin com-
parisonto relying on automaticor forced frame redravs,
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recordandreplayis muchmore ne-scaledand e xible, al-
lowing for detugginganimationsaandmulti-passalgorithms.

However, the draw call recordingand playbackmethod
hasits own pitfalls that have to be avoided. Renderingthe
samegeometrymultiple times invalidatesOpenGL query
objectsandproducesncorrectresultsif theapplicationuses
transform feedbackmode, which resultsin incorrect be-
havior if programexecutionis continuedafter dehugginga
shader However, theseproblemscan be solved by taking
specialcareof active queryobjects.In caseof timer queries
the solutionis 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 shaderdehug stage,active queriesare termi-
natedand their currentvaluesare saved. The queriesare
restartedusing the samequery objectnameswhenleaving
the dehug stage Subsequentequestfor QUERY_RESULT
now must return the sum of saved and currentquery re-
sult. Dealingwith active transformfeedbackmodeis similar.
Every time the hostapplicationcalls BeginTransform-
FeedbackNV , it hasto be checled whethera TRANS-
FORM_FEEDBACK_PRIMITIVES_WRITTEN_N\uery
is alreadyactie. If this is not the case,we start our own
query Thus,we cankeeptrack of the numberof primitives
actuallywritten to the buffer. Of course queriesstartedby
thehosthave to beaddressedsdescribeefore.An active
transformfeedbaclcannow beterminatedvhenenteringhe
shaderdehug stageandit canberestartedusingappropriate
buffer offsetsobtainedfrom the primitive querieson exit.

7. Practical Considerations

Usingthe proposedsystemfor detugginga shademprogram
is similar to usinga traditionalsourcelevel dehugger How-
ever, therearesomedifferenceslueto the specialcharacter
isticsof graphicshardvare.

7.1. Interacti ve ShaderDebugging

Froma userspoint of view the typical work o w of a delug

sessioris split into two major tasks.First, by usinga com-
binationof interactiely executingthetargetapplicationand
OpenGLcall steppingthedraw call of interestfor shadede-
buggingis selectedFor improved usability thereis support
for jumpingto thenext draw call, shadeswitch,or any user

speci edOpenGLfunctionaswell asfor optionallystopping
programexecutionuponOpenGLerrors.In additionto pure
program o w inspection,it is possibleto directly manipu-
late the OpenGLstatemachineby editing function call pa-
rameterse.g.changingshademprogramuniforms.Next, the
userselectsa target shaderand startsdehugging by single
steppingthroughthe code.Dueto the parallelnatureof the
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Figure2: Usingtheloop analysigool for comparingheef-
ciency of avolumerenderingexamplewith (left) andwith-
out (right) earlyray termination.Note the highernumberof
fragmentgy-axis) breakingout of the loop periteration(x-
axis)in the rst case.

GPU,additionaluserinteractionis requiredat program o w
decisionsj.e. conditionalsandloops.At each o w control
instructionit is necessaryo specifywhich executionpathto
follow. In caseof conditionalsvhetherto stepinto thetrueor
thefalsebranchor in caseof loopsif theloop shouldbeleft
or anotheriteration should be performed.Thesedecisions
can be basedon arbitrary dehug dataand are additionally
supportedy aperelemengevaluationandvisualrepresenta-
tion of the correspondingondition.At ary time duringthe
dehug procesghe usercanselectvariablesfrom the current
scopeandaddthemto thelist of active watchvariablesThe
actualnumericalvaluesof watch variablescanthenbe in-
spectedon a per elementlevel (vertex or fragment)or by
usingspecializedvisual dehuggingtools. For fragmentdata
this currentlyincludesan imageviewer that maps oating-
pointfragmentatato acolorimage While thisis thecanon-
ical solutionfor fragments,in caseof vertex datasuchan
inherentgeometricahnalogydoesnot necessarilyxists. So
far we offer two possibilitiesfor inspectionof vertex data:
table views and scatterplots. Figure 3 and 4 on the color
plate pageshov screenshotsf typical dehug sessiondor
fragmentandgeometryshaders.

7.2. AdvancedAnalysis

Combinedinstrumentatiorof the hostapplicationand the
shaderenabledunctionality that extendsbeyond traditional
dehugging. As an example, we implementedan in-depth
loop pro ling tool thatsummarizestatisticaldatafor all it-

erationsof a loop. This facilitates,for example,identifying
the critical path of a shaderFigure 2 shavs an analysisof

theef ciency of earlyrayterminationin avolumerendering
application.

7.3. Limitations

Although the presentedapproachs very general thereare
also somelimitations. Most importantly since shaderin-
strumentatioris donein a high-level languagejt depends
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strongly on the correctnessand reliability of the vendor
speci ¢ GLSL compilerandontheassumptiothatcodema-
nipulation,if performedin a semanticallycorrectway, does
not in uence the programexecution.In caseof a driver or
hardware bug, resultsaretotally unpredictablej.e. the bug
maynotmanifestor theinstrumenteghadenr, evenworse,
it will betriggeredby theinstrumentatiorin the rst place.
However, basedon our practicalexperiencecurrentGLSL
compilersseento bequite mature.

Otherlimitations concernour solutionfor detuggingver-
tex and geometryshaders.The necessaryextensionsare
currentlyonly supportedbn the NVIDIA G80 architecture.
However, since Direct3D 10 requiressimilar functionality
for streamingoutvertex data,we expectall upcomingGPUs
to supporta comparabldeature.Furthermoreijt is not pos-
sible to dehug vertex programsthat operateon primitives
generatedby the OpenGLdisplaylists mechanismAs there
is no possibility of nding out whatkind of primitiveswill
be submittedby the executionof a display list. However,
transformfeedbackmoderequiresspeci cation of the out-
put primitive type.

8. Conclusion

In this paperwe presenteda systemfor dehugging GLSL

programsthat retrieves data directly from the hardware

pipeline. Our solution allows to dehug the completepro-

grammableOpenGLshademipeline,including verte, ge-

ometry andfragmentshadersFurthermoreijt improveson

theprintf-styledehuggingapproactstill prevalentin today's

shadeidevelopmentasit cannotonly be usedfor visualde-

buggingbut alsofor programanalysisThe proposedystem
ts well into the shaderevelopmentpipelineasit operates
completelyapplication-transpareminddoesnot requireary

codechanger re-compilationof the hostapplication.Our

implementatiorof thesystems availablefor downloadfrom

theprojectwebpage.

Futurework includesa MS Windows port of the applica-
tion instrumentatiorsub-systema conceptof breakpoints
for the parallel execution model of shaderprograms,and
more advancedprogram o w analysis,e.g.control o w of
asinglefragment/ertex, andstatisticssupport,e.g.number
texturelookupspersampler
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Figure3: A typical deluggingsessionFromtheoriginal applications (top right) OpenGLstreama singledraw call is selected
andtheactive fragmentshadeis deluggedhaving shadeisourcecode,scopdlists, variabledatacontentandgraphicalanalysis
tools at hand. Statusinformation of the currently detuggedloop statemen{bottomright) supportsthe userin program o w

decisions.

Figure4: Debugginga geometryshaderDatainspectionis performedon a perinput primitive level, shaving for eachinput
primitive the resulting output primitives and their correspondingrertices.Variable contentat the currentdehug positionis
shawvn for eachinput primitive. Additionally, for alreadyemmittedverticesthe variablevaluesat the time of emissionare

shawvn. Questionmarkindicateoutputverticesthatarenotyetemitted.
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