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Abstract

The classical Z-buffer algorithm samplesa sceneat regularly
spacedpoints on an image plane. We presentan extensionof
this algorithmcalled the irregular Z-buffer that permitssampling
of the sceneat arbitrary points on the imageplane. The sample
pointsarestoredin a two-dimensionalspatialdatastructurewhich
is queriedduring rasterization.The irregular Z-buffer canbe ap-
plied to shadow rendering,wherewedemonstratethatit eliminates
thesamplingartifactspreviously associatedwith shadow mapping.
Wedescribetheextensionsto moderngraphicshardwarenecessary
to supportefficientoperationof theirregularZ-buffer, andsimulate
the performanceon the extendedhardware. Our resultsindicate
that the irregular Z-buffer can be usedto producehard shadows
that are asaccurateas thoseproducedby a ray traceror shadow
volume-basedrenderer. We alsofind that shadow mappingon the
irregularZ-buffer retainsmany of theperformanceandapplication-
developmentsimplicity advantagesof standardshadow mapping.

CR Categories: I.3.1 [Computer Graphics]: Hardware
Architecture—GraphicsProcessors;I.3.7 [Computer Graphics]:
Three-DimensionalGraphicsand Realism—Visible Line / Sur-
faceAlgorithms; I.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Shadows;

Keywords: visible surfacealgorithms,shadow algorithms,real-
time graphicshardware

1 Introduction

Oneof the fundamentalcomputationaltasksin three-dimensional
graphicsis thevisible surfaceproblem: to efficiently find thefirst
intersectionpoint betweena ray anda collection of surfaces. In
rendering,thevisible surfaceproblemis typically solvedfor many
raysandasinglecollectionof surfaces.Examplesincludevisibility
determinationfrom aneyepoint,shadow computation,andcompu-
tationof globalilluminationsolutions.

Today, the visible surfaceproblemis typically solved by either
theZ-buffer algorithm[Catmull1974]or by raycastingusingaspa-
tial accelerationstructure[Whitted 1980]. TheZ-buffer algorithm
is appropriatefor many raysthatsharea commonorigin andshare
aknown patternof directions.It doesnotrequireany preprocessing
of thesurfaces.In contrast,theraycastingalgorithmsolvesthevis-
ible surfaceproblemfor the generalcase– oneor morerayswith
arbitraryoriginsanddirections– but requirespreprocessingof the
surfacesto build a spatialaccelerationstructure.

We presentan algorithmthat is moregeneralthanthe classical
Z-buffer, but doesnot requirepreprocessingof surfaces.This ap-
proach,whichwereferto astheirregularZ-buffer, efficiently solves
thevisibility problemfor raysthatsharea commonorigin but have
arbitrarydirections(Figure 2).

Our algorithm representsray directionsaspoints on an image
plane,asin the classicalZ-buffer approach.However, we explic-
�
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Figure1: Two imagesof a scenefromDoom3 (alpha). A screen
capture directly fromthegameengineis shownat top. Thegame
engineemploysshadowvolumesto renderthis image. Thelower
image is renderedbya softwarepipelinethat implementsirregular
shadowmaps.

itly storeall of the samplelocationsin a two-dimensionalspatial
datastructureratherthanimplicitly representingthemwith a reg-
ular pattern. The datastructurecan be any spatialdatastructure
that supportsefficient rangequeries,suchasa k-d treeor a grid.
Like theclassicalZ-buffer algorithm,we projecttrianglesonto the
imageplaneoneat a time andthen determinewhich sampleslie
insidea triangle.Unlike theclassicalalgorithm,this determination
is madeby queryingthetwo-dimensionalspatialdatastructure.Fi-
nally, for eachsampleinsidea triangle,we performthestandardZ
comparisonandupdateat thesample’s addressin a Z-buffer.

WedemonstratethattheirregularZ-buffer canbeusedto render
high quality shadows castby a point light source,asseenfrom a



Figure2: A taxonomyof solutionsto thevisiblesurfaceproblem,
classifiedby theextentto which eyeraysshare origins anddirec-
tions.

known eye point. We proposechangesto currentgraphicsarchi-
tecturesthat permit our algorithm to executeefficiently. Finally,
we simulatetheperformanceof shadow renderingusingthe irreg-
ular Z-buffer. Our resultsindicatethat theapproachis suitablefor
real-timeuseonourproposedarchitecture.

Figure3: TheclassicalZ-buffer (left) samplesa sceneat regularly
spacedpointson an image plane. The irregular Z-buffer (right)
samplesa sceneat arbitrary pointsonan image plane.

2 The Irregular Z-Buffer

TheZ-buffer algorithmprocessesscenegeometryonepolygonat a
time. Eachpolygonis projectedonto the imageplane. An edge-
walking or edgeequationcomputationis usedto determinewhich
samplepoints(i.e. pixels)lie insidetheprojectedpolygon.

Answeringthis rangequeryis simplewhenthepositionsof the
samplepointsareimplicitly definedby a simpleformula, suchas
that for a regular grid (Figure3, left side). Classicalrasterization
algorithmstargetthis caseandevaluatetheformuladirectly – they
donot explicitly storethelocationof eachsamplepoint.

However, if the locationsof the samplepoints cannotbe rep-
resentedby a simple formula (Figure 3, right side), the standard
rasterizationapproachdoesnot work. In this paperwe propose
analternative approachto handlethis case.We explicitly storethe
pointsin aspatialdatastructure.Duringrasterization,arangequery
is performedonthisdatastructureto determinewhichpointsarein-
sidea triangle.Wereferto this taskasirregular rasterization.

The datastructuresand algorithmsneededfor efficient range
queriesarewell understood[Samet1990]. Rangequeriescanbe
performedefficiently for points storedin two-dimensionalspace
partitioningdatastructuressuchasBSPtreesandquadtreesor their
specializedvariantssuchask-d trees. If the pointsaresomewhat
evenly distributed,thengridsarealsoefficient for this task.

Thebestchoiceof datastructuredependson several factors. If
thesetof samplepointschangesoften– asit doesfor theshadow
mappingproblemwe examinelater in this paper– thenthecostof
constructingthedatastructureis important. Theconstructioncost

canvary asymptoticallydependingon thechoiceof datastructure,
theoverall distributionof samplepoints,andtheorderin which the
pointsareinserted.Oncethedatastructurehasbeenbuilt, thecost
of rangequeriesdependson thesesamefactorsaswell. However,
evenalgorithmswith thesameasymptoticcosthavedifferenteffec-
tivecoststhatvarywith usagepatternsandtheunderlyinghardware
architecture.Finally, thestoragerequirementsof thedatastructures
vary andonly certainonescanguaranteea fixedmemoryfootprint
regardlessof pointdistribution.

For the shadow-mappingapplicationon which we focus, the
point distribution is somewhatevenacrosslargeregionsof theim-
ageplane,so we found that a hybrid datastructurecomposedof
a grid at the top level anda secondarydatastructurebelow it per-
formsbetterthana simplek-d tree. We gatheredstatisticson two
variantsof the two-level structure:a grid of lists anda grid of k-d
trees,both implementedwith guaranteedstoragebounds.We de-
terminedthat the grid of lists (including optimizationsdescribed
later)performedbestfor our datasets.The reasonsfor this result
arethatour averagelist sizeis smallandthat thepoint-in-areatest
at eachstepof list traversalis simpler thanthe area-to-areaover-
lap testrequiredat eachstepof k-d treetraversal. The difference
wasnot overwhelming,andtheoutcomecouldbedifferentfor less
balancedpointdistributionsor a differentarchitecture.

Constructingthe grid-of-lists datastructureis straightforward:
we first determinewhich grid cell a point mapsto, thenprepend
thatpoint to the linked list for thatcell. Irregular rasterizationus-
ing this datastructureis also simple. First, we determinewhich
grid cell(s) thetriangleoverlaps.This testis just like conventional
rasterizationwith the minor differencethat we mustconsiderany
overlapbetweenthe triangleanda cell asa hit, ratherthanjust an
overlapbetweenthetriangleandthecell’s center. At eachcell that
the triangle overlaps,we traversethe linked list to test all of the
cell’s pointsagainsteachof thetriangle’s threeedges.A point that
passesall threeedgetestsis insidethetriangle.

3 Shadow Rendering

Shadows provide importantspatialcuesandaddto the realismof
computergeneratedimages.Shadow renderingalgorithmsareof-
ten placedinto two categories: thosefor point light sources(hard
shadows)andthosefor arealight sources(softshadows)[Assarsson
andAkenine-M̈oller 2003;ChanandDurand2003]. In this paper
wefocusonhardshadow algorithms.In particular, weconsiderthe
problemof renderingshadows in real-timefor scenescontaining
moving anddeformingobjects. Even thoughthis problemis con-
ceptuallysimpleandis of practicalinterest,existing approachesto
it have significantshortcomingswith respectto imagequality or
theirperformanceoncomplex scenes.

Object-spacemethodssuch as shadow volumes[Crow 1977;
Everitt andKilgard 2002]canachieve artifact-freehardshadows if
implementedcarefully. As a result,mainstreamapplicationdevel-
operssuchasid Softwarehave chosento usetheapproachin state-
of-the-artvideo gameslike the upcomingDoom 3. The shadow
volumetechniquecreatesandrasterizesextrapolygonsthatdemar-
catetheboundariesbetweenvolumesof spacein andoutof shadow
in thescene.Theseextra polygonsconnectobjectsilhouetteedges
(asseenfrom thelight source)to infinity. Thepolygonsareraster-
ized from theeye view into a stencilbuffer, wherea counteris in-
crementedor decrementedateachpixel to tracktheshadowed/non-
shadowed statusof thepixel. Thepolygonsareoften large,so the
techniquerequireshardwarewith a very high fill rate. Even with
recenthardwareandsoftwareoptimizations[NVIDIA Corp.2003;
McGuire et al. 2003], useof the techniquerequiresthat geomet-
ric scenecomplexity beheldwell below whatwould otherwisebe
possible.



Raytracing[Whitted1980]andrelatedtechniquescanaccurately
render� a varietyof global illumination effectsincludinghardshad-
ows. It is possiblethat real-timerenderingsystemswill eventually
adoptraytracingtechniques.However, evenwith recentprogressin
this area[Wald et al. 2003],renderingperformanceremainsinade-
quatefor scenescontainingdeformableobjects.

Shadow mapping [Williams 1978] and many of its variants
[HourcadeandNicolas 1985; Fernandoet al. 2001] leverageex-
isting Z-buffer hardwareto rendershadows with high performance
for complex scenes.However, existingversionsof thetechniqueare
proneto samplingandself-shadowing artifactsthataresufficiently
seriousto limit thetechnique’s usein realapplications.

Figure4 (left) illustratestheshadow mapalgorithm. Thescene
is renderedfirst from the light position(yielding Znear values)and
thenrenderedfrom theeye position. Eachpixel in theeye view is
treatedasa 3-spacepoint positionedaccordingto its X / Y posi-
tion in theimageplaneandits Z value(from thedepthbuffer), and
is transformedinto light space.This transformationyieldsa point
P in light spaceanda distanceZP betweenP and the light-view
imageplane. The original eye-spacepixel is consideredto be in
shadow iff Znear

� ZP, usingan estimatedZnear value. The algo-
rithm estimatesZnear from the Znear valuesof oneor more light-
view sample(s)thatarenearestto theprojectionof pointP ontothe
light-view imageplane. This estimationstepis the primarycause
of artifactsproducedby thetechniqueastheestimationerroris gen-
erally unbounded.

Mostrecenteffortsto reducetheseartifactshavetakenoneof two
approaches.Thefirst is to useadditionalinformationfrom object-
spacesilhouettecomputationsto reduceor eliminateestimationer-
rors for the mostcommoncases[Senet al. 2003]. This approach
seemsto be the mostsuccessfulat reducingthe incidenceof esti-
mationartifacts,but sharpcornersanddetailsareoftentruncatedor
lost dueto limited precisionin the contoursusedto representthe
silhouettes.Also, theneedfor object-spacecomputationintroduces
additionalcomplexity into the renderingsystem. The secondap-
proachis to adaptthesamplingratein thelight-view imageplaneto
thecharacteristicsof thescene[Fernandoet al. 2001;Stamminger
andDrettakis2002],therebyreducingtheaveragedistancebetween
aprojectionof P andthenearestsamplepoint. Fernandoetal. [Fer-
nandoet al. 2001] replacethe standardlight view imagewith an
adaptive imagehierarchy. This focuson improving shadow quality
throughstrategic placementof shadow mapsamplepointsis simi-
lar to our own, but we take this approachto its logical extremeby
placingsamplepointsin their ideallocations.

4 Irregular Shadow Mapping

Pseudocodefor irregular shadow mappingis shown in Figure 5.
Thesceneis first renderedfrom theeye point. As in conventional
shadow mapping,pixels(at theZ valuesgivenby theZ-buffer) are
transformedinto light space,yielding P andZP. Unlike conven-
tional shadow mapping,scenegeometryis thenrasterizedto sam-
ple positionsin the light view imageplanegiven by the projec-
tion of the transformedpixels, yielding Znear. As before,a pixel
is in shadow iff Znear

� ZP. Note that irregular shadow mapsare
view-dependent.Samplesarecomputedin the shadow mapplane
preciselywhererequiredby pixels in the eye view. Therefore,no
mismatchexistsbetweenthesamplingratesor samplepositionsin
eye andlight space.Aliasing andself-shadowing areavoided,and
no unnecessarysamplesarecomputed.Moreover, given pointsP
prior to rasterizationin light space,andthe propertythat Znear is
always lessthanor equalto ZP, we canmaximizeour useof the
availableZ-buffer precision.

Figure 6 plots the location of samplepoints within irregular
shadow mapsfor theDoom3 scenefrom Figure1. Thedensityof
samplepointsvariessignificantlyacrossthe imageplane,demon-

Figure4: Conventional(left) and irregular (right) shadowmap-
ping. In thecaseof the former, thesceneis rendered to a conven-
tional Z-buffer fromthelight, andthenfromtheeye. With thelatter,
thesceneis rendered to a conventionalZ-buffer fromtheeye, and
to an irregular Z-buffer fromthelight.

stratingtheimportanceof adaptive andirregularsamplingmethods
in this context.

Observe that irregular shadow mapping effectively mimics
shadow generationby ray tracing. PointsP matchthe intersection
pointsbetweeneye raysandscenegeometry;andsteps2, 4 and6
imitatelight ray computation.Unlike ray tracing,irregularshadow
mappingis anobject-orderalgorithm,which meansthatprimitives
are processedin the order submittedby the application. In this
way, our approachcombinestheimagequality andsamplingchar-
acteristicsof ray-tracedshadows with thesystemorganizationand
performancecharacteristicsof Z-buffer rendering.

4.1 Image Quality

We comparethe quality of imagesproducedby irregular shadow
mappingto that of several otherapproaches.Figure1 shows that
imagesgeneratedusingirregularshadow mappingarevisually in-
distinguishablefrom thoseproducedby theshadow volumestech-
nique. Figure7 shows that irregular shadow mappingeliminates
shadow aliasingartifactscommonlyassociatedwith conventional
shadow mapping. In Figure 8 we use an L2 norm to compare
quantitatively the imagequality of our approachto that of three
other approaches.Our quantitative comparisonis madeagainst
ray-tracedshadows andagainsttwo othershadow mappingalgo-
rithmsthatavoid object-spacecomputations:conventionalshadow
mapping[Williams 1978]andadaptiveshadow mapping[Fernando
et al. 2001]. This figure illustratesthat thenumberof shadow map
samplesrequiredto attainhigh fidelity is much lessthan that re-
quiredby theseothershadow mappingtechniques.

Our conventional and adaptive implementationsinclude stan-
dard enhancementsto reduceself-shadowing and shadow alias-
ing artifacts.Theseenhancementsincludepercentagecloserfilter-
ing (PCF)[Reeveset al. 1987],objectIDs [HourcadeandNicolas
1985]andorientation-dependentbiasvalueslikethosecomputedby
glPolygonOffset [OpenGL ArchitecturalReview Board 2003].



Figure 5: A comparisonof conventional and irregular shadow
mapping. Stepslabeledwith “*” are repeatedper light source.

PCFandglPolygonOffset rely on configurableparameters.We
carefully handtune theseparametersfor eachimageof eachtest
sceneto minimize the differencein L2 normsfrom the baseline
ray-tracedimage.Additionally, thefield of view usedfor rendering
the conventionalandadaptive shadow mapsis tunedto maximize
theeffective resolutionof thesemaps.

Weusedtwo scenesfor ourevaluations.Thefirst is from Doom3
(a leaked versionwidely availableon the Internet). It consistsof
two light sourcesand8548triangleswhich the Doom 3 gameen-
gine rendersusingstenciledshadow volumes[Everitt andKilgard
2002]. Thesecondsceneis our creationandis designedasa chal-
lengingtestcasefor shadow mappingmethods(includingourown).
Thissceneis composedof onelight sourcewith shadows,onedetail
light without shadows, and16372trianglesspreadamonga knot-
like shapeandseveral spheres.Thesilhouetteedgesof thecurved
surfacesareproneto generatingregionsof high sampledensityin
irregularshadow maps.

All four shadow algorithmsareimplementedwithin asinglesoft-
wareframework [Kolb 1997]. Doing soensurestheconsistency of
non-shadow-relatedimagefeatures(i.e. blending, texturing, etc.)
acrossimagesproducedwith any shadow type.Theframework can
be configuredto mimic a real-timeZ-buffer renderer, with depth
valuesstoredin a 24-bit floating point format. Alternatively, the
framework canbeconfiguredasa recursive ray tracer, with all in-
termediatevaluesmaintainedat64-bit floatingpoint precision.

5 Irregular Shadow Mapping: Data Structures

Our implementationof irregularshadow mappingstoressamplelo-
cationsin anenhancedversionof thegrid-of-listsdatastructurede-
scribedearlier. Ourprimaryenhancementis to useahash-like func-
tion tomapahighresolution“logical” grid into asmaller“physical”
grid, therebyreducingthememoryfootprint.

Figure 6: The view from Figure 1 overlaid with colored tiles is
shownat top. Thelower imagesshowthe irregular shadowmaps
for thelight sourcesbehindandabovetheeye(center),andat the
top of the right wall (bottom). We refers to theselights as “light
0” and “light 1” later in the paper. Colored points denotethe
tile containingthe respectiveeye view pixel. Both mapscontain
regionsof high (B, C) andlow sampledensity(A, D).



Figure7: Ascenerenderedwith conventionalshadowmappingand
onesampleper pixel is shownat top. Thesamescenerendered
with irregular shadowmappingandonesampleperpixel is shown
at bottom.

This structureis is illustratedin Figure9. Thelogical grid over-
laysthelight view imageplane.Logicalgrid (lgrid) cell indicesare
mappedto indicesin thephysicalgrid (pgrid) usingthehash-like
function:

pgridi � � lgridi �	� lgrid j 
 pgridwidth �
� til ewidth � %pgridwidth

pgrid j � � lgrid j �	� lgridi 
 pgridheight ��� til eheight � %pgridheight

Each physical grid cell potentially forms the root of its own
linkedlist. Shadow mapsamplesprojectingto thesamecell become
elementsof the samelist. Observe in Figure6 that tiles of pixels
in eye spaceremain largely intact in light space. Our hash-like
functionavoids folding contiguousregionsof high sampledensity
backontothemselves,while largelypreservingany eyespace- light
spacecoherence.We exploit this coherenceby tiling the physical
grid in memoryandprocessingfragmentsin tile order[McCormack
et al. 1998].

This distinctionbetweenlogical andphysicalgrids (inspiredby
thework of Reinhardet al. [2000]), permitsfiner discretizationof
theshadow mapplanethanwould otherwisebepractical.Smaller
cell sizesreducethe numberandseverity of hot spots(cells with

Figure 8: A plot of the differencein L2 normsbetweenimages
renderedwith conventional(CSM),adaptive(ASM),andirregular
(ISM)shadowmapsanda referenceimage generatedvia ray trac-
ing (oneunjitteredeyeray per pixel). Therendered sceneis from
Doom3 (seenin Figure 1). Theshadowmapsamplecountrepre-
sentsthetotal over both light sourcesin this scene. Considerable
effort wasspenttuningCSMandASMrelatedparameters.

significantlyhighersamplecountsthanothercells). Note that in-
creasingthe resolutionof the logical grid relative to the physical
grid yieldsamoreevendistributionof samplesin thephysicalgrid.
However, increasingthis ratioalsoincreasestheprobabilitythatthe
linked list at any particularphysicalgrid cell will containsamples
from distinctlydifferentregionsof theshadow map.

Constructionof thedatastructureproceedsasfollows. Eyeview
pixelsareprocessedin tiles. Theresultingspatialcoherenceyields
memoryaccesslocality. Pixels in eachtile are transformedinto
light spaceandprojectedonto the light view imageplane.The in-
dex of the logical grid cell occupiedby a projectedpoint (shadow
mapsample)is mappedinto the physicalgrid usingthe hash-like
functionshown previously. Thesampleis prependedto the linked
list occupying this cell. Acceleratorconstructionis parallelizable
by assigningtiles of pixels to different processingelementsand
lockingphysicalgrid cellsduringlist update.

Irregularrasterizationis similarly straightforward.Ourselection
of a grid asthetop level datastructureenablesusto leveragemany
componentsof existing rasterizers.Scenegeometryis rasterizedto
the logical grid asnormal,exceptthatany cell crossedby a prim-
itive is processedfurther. Theprimitive is testedagainsteachele-
mentin the linked list of thecell. Z interpolationanda depthtest
areperformedasusualfor samplesfound to fall within theprimi-
tive. Viewportclipping is usedto restrictrasterizationto theregion
of thelogical grid populatedby samples.A stencilmaskis usedto
discardfragmentsassociatedwith logical grid cellsdevoid of sam-
ples. Rasterizationis parallelizableby assigninglogical grid cells
coveredby a givenprimitive to differentprocessingelements.This
approachis similar to parallelrasterizationin existing hardware.

5.1 Architectural Support

Irregularshadow mappingis particularlyappropriatefor real-time
rendering,as it provides imagequality comparableto ray traced
shadows andstenciledshadow volumes,with thecomputationalef-
ficiency of shadow maps. However, irregular shadow mappingis
unlikely to run efficiently on currentgraphicshardware. An effi-
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Figure9: Thedata structure usedfor irregular shadowmapping.
Thelight view image planeis overlaid with a “lo gical” grid. The
logical grid hashigher resolutionthan theactualstored (“physi-
cal”) grid. A hash-like functionmapspointsin thelogical grid into
cellsin thephysicalgrid. Each cell of thephysicalgrid potentially
servesastherootof a linkedlist. Thelinkedlist containsthepoints
mappingto a givencell, for later useduring rasterization.

cientimplementationof thetechniquerequiresadditionalfunction-
ality not supportedin theseGPUs. Our proposedarchitectureis
illustrated in Figure 10, and combinesan enhancedGPU with a
multithreadedCPU-likeprocessor(denoted“multithreadedproces-
sor”) on the samedie. This additionalprocessoris similar to that
foundin somecommercialembeddedprocessorchips[Levy 2002],
network processors[Adiletta et al. 2002],andexperimentalarchi-
tectures[Caşcaval et al. 2002].

Irregularshadow mappingconsistsof two phaseswhichusedif-
ferentpartsof the architecture.Acceleratorconstructionrequires
read/ write accessto the datastructurein memory, andexecutes
on theCPU-likeprocessor. Theconstructionkernelcontains40 in-
structionsandconsumes8 live four-vectorregisters.Irregular ras-
terizationrequiresread-onlyaccessto the datastructure,anduti-
lizes thegraphicspipelinewith its enhancedfragmentprocessors.
Therespective kernelcontains14 instructionsandconsumes8 live
four-vectorregisters.

During irregular rasterization,the applicationsendspolygons
down thegraphicspipelinejust asit would duringconventionalZ-
buffer rendering.Thefixed-functionrasterizergeneratesafragment
(hereaftergrid fragment) for eachlogical grid cell overlappedby a
triangle. Fragmentscovering logical grid cells marked empty in
the stencilmaskarediscarded.Our enhancedfragmentprocessor
transformsthegrid fragment’slogicalgrid coordinatesinto physical
grid coordinates,andtraversesthatphysicalgrid cell’s linkedlist of
samples. Eachsamplein the cell is testedagainstthe triangle’s
edgeequations[Pineda1988]. If a samplelies insidethe triangle,
thefragmentprocessorevaluatestheZ interpolationequationat the
samplelocationandgeneratesanoutputframebuffer fragmentwith
thecomputedZ value. The fragmentprocessorsetstheaddressof
the framebuffer fragmentto the sample’s index value. This index
is thex / y positionof theeye-view pixel in theimageplanecorre-
spondingto thesample.Finally, eachframebuffer fragmentpasses
throughthefixed-functionZ-testunit,wheretheusualread/ modify
/ write Z buffer comparisonis performed.

As we’ve indicated,efficient supportfor irregular rasterization
requiresenhancingthe capabilitiesof current graphicspipelines
andtheirfragmentprocessors[Microsoft Corporation2003;Beretta
et al. 2003]. First, the rasterizerneedsa modewhereit outputs
a grid fragmentwhen a triangle overlapsany portion of a pixel,
not just its centerasis thecasenow. Severalsetup/ rasterizerde-
signscan be modified to supportthis option, either by changing
the pixel walking algorithmor by moving the triangleedgesout-

Figure10: Anarchitecture with componentswhich enableefficient
executionof the irregular Z-buffer. The large gray box denotes
architectural componentsincludedin our simulation.

ward by � 2
 2 of pixel spacing. Additionally, the fragmentpro-
cessormustsupportconditionalbranchingandhave accessto the
homogeneousequationsdescribingthe edgesandZ interpolation
[OlanoandGreer1997]of thefragment’striangle.Finally, thefrag-
mentprocessormustbeableto conditionallyoutputa framebuffer
fragmentasmany timesasneeded,to adifferentcomputedaddress
(framebuffer location)eachtime. This computed-addresscapabil-
ity is often referredto asa scatteroperationandhasproven to be
usefulfor a wide varietyof purposesin streamprocessors[Kapasi
etal. 2002].

6 Simulation and Analysis

Any new techniquetargetedat real-timegraphicsapplicationsmust
run fastaswell asproduceimagesof thedesiredquality, but eval-
uatingtheperformanceof new techniqueslike oursis challenging.
Typically, an algorithm’s performanceis measuredin oneof two
ways: at a high level by countingarithmeticoperationsusedfor
somedataset,or at a low level by implementingthealgorithmon
currenthardwareandtiming its execution.For our technique,nei-
therapproachis adequate.Memoryhierarchyeffectssuchascache
missesandassociatedlatencieshavebecometooimportantfor sim-
ple operationcountingto yield accurateperformanceestimatesfor
memory-intensive techniques.However, currentarchitecturesdo
not supportour techniquewell, so timing an implementationof it
on thesearchitectureswouldnot bevery informative.

Instead,wehaveconstructedahigh-level performancesimulator
for thearchitecturewe proposedin theprevioussection.Our simu-
latormodelsthekey performancecharacteristicsof thearchitecture
– particularlymemoryhierarchyeffects– but doesnot attemptto
modelevery detailthatwouldbenecessaryto determineexactexe-
cutiontimes. In otherwords,theprimarypurposeof our simulator
is to evaluatealgorithmsratherthanto evaluatearchitectures.We
simulatethememorysystemperformancein thegreatestdetail,the
processorcore performanceat a mediumlevel of detail, and the
fixed-functiongraphicsunitsat a functionalitylevel only.

Our memory hierarchysimulator is adaptedfrom an existing



Table1: Statisticscapturedduring irregular rasterizationfor each light view in our scenes.Each light view contains1,310,720samples.

event queuebasedsimulator[Burger et al. 1999]. We discarded
theout-of-orderCPUcoresimulationcomponentsandreplacedthe
DRAM subsystemsimulatorwith ourown. In oursimulator, writes
to onecacheareincoherentwith readsfrom anotherasautomatic
coherenceis complex andunnecessaryin the context of our algo-
rithm. Our DRAM subsystemsimulatorhonorsall bankandchan-
nel timing restrictions(e.g.prechargetimes)specifiedby amemory
manufacturer’s datasheet[Micron Technology, Inc. 2003]. The
configurationof thesimulatedmemorysystemis shown in Table2.

Our performancesimulatorusesa single model for the CPU-
like processorcore and the fragmentprocessorcore, except that
thefragmentprocessoris forbiddento write to memoryandit sup-
portsstreaminputsandoutputs.Theprocessorsaremultithreaded
with zero cycle context switchesand round-robinscheduling,al-
lowing theprocessorto remainactive evenwhenmostthreadsare
waiting on cachemissesor locks. Eachprocessoris simple – it
issuesonescalaror 4-wide vector operationeachcycle. We use
theNV vertex program2instructionset[Brown andKilgard 2003],
which includesconditionalbranchinstructionsbut no integerarith-
metic. We augmentthis instructionsetwith instructionsfor lock
andunlock(usingoneof 256on-chiplocks),128-bitloadandstore
(indirectaddressingOR’d with oneof two baseregisters),andlog-
ical shifts. We assumethat all instructionsexceptload,store,and
lock completein onecycle; i.e. we do not model pipeline stalls
causedby branchmispredictionor arithmeticunit latency. These
potentialstallswouldbepartiallyor wholly coveredbymultithread-
ing andarelessimportantfor theshortpipelineweareassuming( 6
stages@1.2GHzin 90nm)thanthey arefor mostmodern15+stage
CPUs.

Table2: Theconfiguration of our memorysimulator. All proces-
sor coresandon-chip bussesrun at 1.2GHz. Cachesutilize LRU
replacementpolicy and are write-allocate, write-back. L2 min-
imummisslatencyassumesa DRAMpage hit andno contention.
DRAMsubsystem:256-bitwide, eight-channelconfigurationusing
eight 700 MHz DDR chips. � TheL2 average misslatencyvaries
byscene.

We separatelysimulatetwo key phasesof the ISM algorithm:
constructionof the shadow mapdatastructure,which runson the
CPU-like processor;andthe portion of irregular rasterizationthat
runsonthefragmentprocessors.Thesimulatedcodehasbeencare-
fully optimizedto reduceinstructioncount– for example,thecon-
structionphaseprocessespixelsin pairsto maximizeuseof 4-wide
vectoroperations.

In theconstructionphase,eachthreadprocessesadifferentsetof
pixels.Within a thread,pixelsareprocessedonetile at a time. The
inputdata(eye-view Z-buffer) residesin cacheableDRAM, asdoes
theoutputdata(acceleratordatastructureandstencilbuffer mark-
ing non-emptyphysical-gridcells). Prior to theconstructionphase
wemustclearthephysicalgrid in theacceleratordatastructure(one

pointerpercell) aswell asthestencilbuffer, but we excludethese
clearingoperationsfrom our measurementsbecausetheir costsare
alreadywell understood.Table3 shows thesimulatedperformance
of theconstructionphasefor eachlight in the two differentscenes
for animageresolutionof 1280x 1024.

Table3: Simulatedperformanceof theconstructionof thespatial
acceleration structure, for each light view of therespectivescene.
In all casesthe accelerator contains1,310,720points. A single
CPU-like processoris used. The processoris multithreaded(8-
way). “Useful cycles” refers to the percent of processorcycles
spenton usefulwork (not stalling).

In therasterizationphaseof computation,grid fragmentsgener-
atedby theconventionalrasterizerareassignedto thefirst available
fragmentprocessorthread. Our performancesimulationassumes
thatthestenciltestdescribedin section5 rejectsgrid fragmentsfor
emptyphysicalgrid cells, so thesefragmentsarenot assignedto
a fragment-processorthread. We do not model the stencil buffer
memorytraffic or the Z test/replacememorytraffic in our perfor-
mancesimulation,but theadditionalbandwidthconsumedby these
operationscanbecomputedfrom Table1.

Table4 summarizestheperformanceof the fragment-processor
stageof irregular rasterization,for four processorseachwith eight
threads.Theseresultsdemonstratethatouralgorithmachievesreal-
timerateson theproposedarchitecture.

Table4: Simulatedperformanceof the irregular Z-buffer during
rasterization. The sceneis rasterizedto each light view of the
respectivescene. Each light view contains1,310,720samples.
Four multithreadedfragmentprocessors are used,each with eight
threads.“Useful cycles” refers to thepercentof processorcycles
spenton usefulwork (not stalling). “Cycles / Tri. Sample”de-
notesthecyclesrequired to processonetriangle fragmentagainst
onelight-view sample.

7 Discussion and Conclusion

Wehave presentedseveralresultsin this paper:

� The irregular Z-buffer: WehaveextendedtheZ-bufferalgo-
rithm to supportarbitrarysamplelocationsin theimageplane.



� Irregular shadow mapping: We have demonstratedthatthe
irregular Z-buffer can be usedto generateshadow mapped
shadows, andthat its useeliminatestheartifactstraditionally
associatedwith shadow mapping.

� Hardware performance analysis: Wehaveproposedasetof
architecturalenhancementsto supportirregular rasterization,
anddemonstratedin simulationthat thesecapabilitiesenable
thetechniqueto runat interactive framerates.

It is likely that the irregular Z-buffer has additional applica-
tions elsewhere in real-timerendering,including reflectionmap-
ping,adaptive sampling,andframelessrendering.

A key characteristicof the irregularZ-buffer approachis that it
builds andtraversesan adaptive spatialdatastructure. This class
of datastructuresis widely usedin graphicsandis likely to bepar-
ticularly importantin thefuture for real-timeray tracingof scenes
containingdeformableobjects. We believe that someof the algo-
rithmic andarchitecturalideaswe have presentedcan be applied
to this broaderproblem. We hopethat our work will help to in-
spireCPUandGPUarchitectsto designfutureprocessorsthatef-
ficiently supporttheconstruction,update,andtraversalof adaptive
datastructures.
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ASSARSSON, U., AND AKENINE-M ÖLLER, T. 2003. A geometry-based
soft shadow volumealgorithmusinggraphicshardware. ACM Transac-
tionsonGraphics(TOG)22, 3, 511–520.

BERETTA , B., BROWN, P., CRAIGHEAD, M., AND EVERITT, C. 2003.
GL ARB fragmentprogramextensionspecification.

BROWN, P., AND K I LGARD, M. 2003.GL NV vertex program2extension
specification.
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