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Abstract

The classical Z-buffer algorithm samplesa sceneat regularly
spacedpoints on an image plane. We presentan extension of
this algorithm called the irr egular Z-buffer that permitssampling
of the sceneat arbitrary points on the image plane. The sample
pointsarestoredin atwo-dimensionakpatialdatastructurewhich
is queriedduring rasterization. The irregular Z-buffer canbe ap-
pliedto shada renderingwherewe demonstrat¢hatit eliminates
the samplingartifactspreviously associatedvith shadav mapping.
We describethe extensiongo moderngraphicshardwarenecessary
to supportefficientoperationof theirregular Z-buffer, andsimulate
the performanceon the extendedhardware. Our resultsindicate
that the irregular Z-buffer can be usedto producehard shadavs
that are as accurateasthoseproducedby a ray traceror shada
volume-basedenderer We alsofind that shadev mappingon the
irregularZ-buffer retainsmary of theperformanceandapplication-
developmentsimplicity advantage®of standarcshadev mapping.

CR Categories: 1.3.1 [Computer Graphics]: Hardware
Architecture—GraphicsProcessors;l.3.7 [Computer Graphics]:
Three-DimensionalGraphicsand Realism—\fsible Line / Sur

face Algorithms; 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Shadags;

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

1 Introduction

Oneof the fundamentatomputationatasksin three-dimensional
graphicsis the visible surfaceproblem: to efficiently find the first
intersectionpoint betweena ray and a collection of surfaces. In
rendering thevisible surfaceproblemis typically solvedfor mary
raysandasinglecollectionof surfaces. Examplesncludevisibility
determinatiorfrom aneye point, shadav computationandcompu-
tationof globalillumination solutions.

Today the visible surfaceproblemis typically solved by either
theZ-buffer algorithm[Catmull1974]or by ray castingusingaspa-
tial acceleratiorstructure[Whitted 1980]. The Z-buffer algorithm
is appropriatfor mary raysthat sharea commonorigin andshare
aknown patternof directions.It doesnotrequireary preprocessing
of thesurfaces.In contrasttheray castingalgorithmsolvesthevis-
ible surfaceproblemfor the generalcase— one or morerayswith
arbitraryorigins anddirections— but requirespreprocessingf the
surfacesto build a spatialacceleratiorstructure.

We presentan algorithmthatis more generalthanthe classical
Z-buffer, but doesnot requirepreprocessingf surfaces. This ap-
proachwhichwereferto astheirregularZ-buffer, efficiently solves
thevisibility problemfor raysthatsharea commonorigin but have
arbitrarydirections(Figure 2).

Our algorithm representsay directionsas points on an image
plane,asin the classicalz-buffer approach.However, we explic-
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Figure1: Two imagesof a scenefrom Doom 3 (alpha). A screen
captue directly fromthe gameengineis shownat top. Thegame
engineemploysshadowvolumesto renderthis image. Thelower
image is rendeedby a softwae pipelinethatimplementsrr egular
shadowmaps.

itly storeall of the samplelocationsin a two-dimensionakpatial
datastructureratherthanimplicitly representinghemwith areg-
ular pattern. The datastructurecan be ary spatialdatastructure
that supportsefficient rangequeries,suchasa k-d tree or a grid.
Like the classicalz-buffer algorithm,we projecttrianglesontothe
imageplaneoneat a time and then determinewhich sampledie
insideatriangle. Unlike the classicaklgorithm,this determination
is madeby queryingthe two-dimensionabpatialdatastructure Fi-
nally, for eachsampleinsidea triangle,we performthe standardz
comparisorandupdateat the samples addressn a Z-buffer.

We demonstrat¢hattheirregular Z-buffer canbe usedto render
high quality shadavs castby a point light source,as seenfrom a
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Figure2: A taxonomyof solutionsto the visible surfaceproblem,
classifiedby the extentto which eye raysshae origins and direc-
tions.

known eye point. We proposechangeso currentgraphicsarchi-
tecturesthat permit our algorithmto executeefficiently. Finally,
we simulatethe performanceof shade renderingusingthe irreg-
ular Z-buffer. Our resultsindicatethatthe approactis suitablefor
real-timeuseon our proposedarchitecture.

Conventional Z-Buffer

Irregular Z-Buffer

Figure3: Theclassicalz-buffer (left) samples sceneat regularly
spacedpointson an image plane Theirregular Z-buffer (right)
samples sceneat arbitrary pointson animage plane

2 The Irregular Z-Buffer

The Z-buffer algorithmprocessescenegeometryonepolygonata
time. Eachpolygonis projectedonto the imageplane. An edge-
walking or edgeequationcomputationis usedto determinewhich
samplepoints(i.e. pixels)lie insidethe projectedpolygon.

Answeringthis rangequeryis simplewhenthe positionsof the
samplepointsareimplicitly definedby a simpleformula, suchas
thatfor aregular grid (Figure 3, left side). Classicalrasterization
algorithmstargetthis caseandevaluatethe formuladirectly — they
do notexplicitly 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
analternatve approacho handlethis case.We explicitly storethe
pointsin aspatialdatastructure During rasterizationarangequery
is performedonthis datastructureto determinewnhich pointsarein-
sideatriangle.We referto this taskasirr egular rasterization

The data structuresand algorithmsneededfor efficient range
queriesare well understoodSamet1990]. Rangequeriescanbe
performedefficiently for points storedin two-dimensionalspace
partitioningdatastructuresuchasBSPtreesandquadtreesr their
specializedvariantssuchask-d trees. If the pointsare somavhat
evenly distributed,thengridsarealsoefficient for this task.

The bestchoiceof datastructuredependson several factors. If
the setof samplepointschangeften— asit doesfor the shadav
mappingproblemwe examinelaterin this paper— thenthe costof
constructinghe datastructureis important. The constructioncost

canvary asymptoticallydependingon the choiceof datastructure,
theoverall distribution of samplepoints,andtheorderin which the
pointsareinserted.Oncethe datastructurehasbeenbuilt, the cost
of rangequeriesdependn thesesamefactorsaswell. However,
evenalgorithmswith thesameasymptoticcosthave differenteffec-
tive coststhatvary with usagepatternsandtheunderlyinghardware
architectureFinally, thestorageequirementsf thedatastructures
vary andonly certainonescanguaranteea fixed memoryfootprint
regardlesf pointdistribution.

For the shadev-mapping applicationon which we focus, the
point distribution is somevhatevenacrosdarge regionsof theim-
ageplane,so we found that a hybrid datastructurecomposecf
agrid atthetop level anda secondandatastructurebelow it per
forms betterthana simplek-d tree. We gatheredstatisticson two
variantsof the two-level structure:a grid of lists anda grid of k-d
trees,both implementedwith guaranteedtoragebounds. We de-
terminedthat the grid of lists (including optimizationsdescribed
later) performedbestfor our datasets. The reasondor this result
arethatour averagelist sizeis smallandthatthe point-in-areaest
at eachstepof list traversalis simplerthanthe area-to-areaver
lap testrequiredat eachstepof k-d treetraversal. The difference
wasnot overwhelming,andthe outcomecould be differentfor less
balancedointdistributionsor a differentarchitecture.

Constructingthe grid-of-lists datastructureis straightforvard:
we first determinewhich grid cell a point mapsto, then prepend
thatpoint to the linked list for thatcell. Irregularrasterizatiorus-
ing this datastructureis also simple. First, we determinewhich
grid cell(s)thetriangleoverlaps. This testis just like conventional
rasterizatiorwith the minor differencethat we mustconsiderary
overlapbetweerthe triangleanda cell asa hit, ratherthanjustan
overlapbetweerthetriangleandthe cell's center At eachcell that
the triangle overlaps,we traversethe linked list to testall of the
cell's pointsagainsteachof thetriangles threeedges A pointthat
passesll threeedgetestsis insidethetriangle.

3 Shadow Rendering

Shadaevs provide importantspatialcuesandaddto the realismof
computergeneratedmages. Shadw renderingalgorithmsare of-
ten placedinto two catgories: thosefor point light sourceghard
shadavs) andthosefor arealight sourcegsoftshadavs) [Assarsson
and Akenine-Mller 2003; Chanand Durand2003]. In this paper
we focuson hardshadev algorithms.In particular we considerthe
problemof renderingshadavs in real-timefor scenescontaining
moving anddeformingobjects. Even thoughthis problemis con-
ceptuallysimpleandis of practicalinterest,existing approacheto
it have significantshortcomingswith respectto image quality or
their performanceon comple scenes.

Object-spacemnethodssuch as shadw volumes[Crow 1977;
Everitt andKilgard 2002] canachieve artifact-freehardshadovs if
implementeccarefully As aresult,mainstreamapplicationdevel-
operssuchasid Softwarehave choserto usetheapproachn state-
of-the-artvideo gameslike the upcomingDoom 3. The shadw
volumetechniquecreatesaandrasterize®xtra polygonsthatdemar
catetheboundariebetweensolumesof spacdn andout of shadav
in the scene.Theseextra polygonsconnecibjectsilhouetteedges
(asseenfrom thelight source)to infinity. The polygonsareraster
ized from the eye view into a stencilbuffer, wherea counteris in-
crementedr decrementedteachpixel to tracktheshadaved/non-
shadeved statusof the pixel. The polygonsareoftenlarge,sothe
techniguerequireshardware with a very high fill rate. Even with
recenthardwareandsoftwareoptimizationgNVIDIA Corp. 2003;
McGuire et al. 2003], useof the techniquerequiresthat geomet-
ric scenecomplity be heldwell belov whatwould otherwisebe
possible.



RaytracingWhitted 1980]andrelatedtechniquesanaccurately
rendera variety of globalillumination effectsincluding hardshad-
ows. It is possiblethatreal-timerenderingsystemswill eventually
adoptraytracingtechniqguesHowever, evenwith recentprogressn
this area[Wald et al. 2003], renderingperformanceemainsinade-
quatefor scenegontainingdeformableobjects.

Shadev mapping [Williams 1978] and mary of its variants
[Hourcadeand Nicolas 1985; Fernandoet al. 2001] leverageex-
isting Z-buffer hardwareto rendershadavs with high performance
for complex scenesHowever, existing versionsof thetechniqueare
proneto samplingandself-shadwing artifactsthataresufficiently
seriougo limit thetechniques usein realapplications.

Figure4 (left) illustratesthe shadev mapalgorithm. The scene
is renderedirst from the light position(yielding Zpear values)and
thenrenderedrom the eye position. Eachpixel in the eye view is
treatedas a 3-spacepoint positionedaccordingto its X / Y posi-
tion in theimageplaneandits Z value (from the depthbuffer), and
is transformednto light space.This transformatioryields a point
P in light spaceanda distanceZp betweenP andthe light-view
imageplane. The original eye-spacepixel is consideredo be in
shadwv iff Znear Zp, usingan estimatedZnear value. The algo-
rithm estimatesZear from the Znear valuesof one or more light-
view sample(s}hatarenearesto the projectionof pointP ontothe
light-view imageplane. This estimationstepis the primary cause
of artifactsproducedy thetechniqueastheestimatiorerroris gen-
erally unbounded.

Mostrecenteffortstoreduceheseartifactshave takenoneof two
approachesThefirst is to useadditionalinformationfrom object-
spacesilhouettecomputationgo reduceor eliminateestimationer-
rors for the mostcommoncaseqSenet al. 2003]. This approach
seemdo be the mostsuccessfubt reducingthe incidenceof esti-
mationartifacts,but sharpcornersanddetailsareoftentruncatedcor
lost dueto limited precisionin the contoursusedto representhe
silhouettesAlso, theneedfor object-spaceomputatiorintroduces
additionalcompleity into the renderingsystem. The secondap-
proachis to adaptthe samplingratein thelight-view imageplaneto
the characteristicef the scenglFernandcet al. 2001; Stamminger
andDrettakis2002],therebyreducingtheaveragedistancebetween
aprojectionof P andthenearessamplepoint. Fernandeetal. [Fer-
nandoet al. 2001] replacethe standardight view imagewith an
adaptve imagehierarchy This focusonimproving shadev quality
throughstratgic placemenbf shadev mapsamplepointsis simi-
lar to our own, but we take this approachto its logical extremeby
placingsamplepointsin theirideallocations.

4 Irregular Shadow Mapping

Pseudocodéor irregular shadev mappingis shavn in Figure 5.
The sceneis first renderedrom the eye point. As in corventional
shadev mapping pixels (atthe Z valuesgiven by the Z-buffer) are
transformednto light space,yielding P andZp. Unlike conven-
tional shadev mapping,scenegeometryis thenrasterizedo sam-
ple positionsin the light view image plane given by the projec-
tion of the transformedpixels yielding Znear. As before,a pixel
is in shadw iff Znear Zp. Notethatirregular shadev mapsare
view-dependentSamplesare computedin the shadev map plane
preciselywhererequiredby pixelsin the eye view. Therefore,no
mismatchexists betweerthe samplingratesor samplepositionsin
eye andlight space.Aliasing andself-shadwing areavoided,and
no unnecessargamplesare computed. Moreover, given points P
prior to rasterizationin light space,andthe propertythat Znear is
alwayslessthanor equalto Zp, we canmaximizeour useof the
availableZ-buffer precision.

Figure 6 plots the location of samplepoints within irregular
shadev mapsfor the Doom 3 scenefrom Figure1l. The densityof
samplepointsvariessignificantlyacrossthe imageplane,demon-
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Figure4: Corventional (left) and irregular (right) shadowmap-
ping. In the caseof the former the sceneds rendeedto a corven-
tional Z-buffer fromthelight, andthenfromtheeye With thelatter,
the sceneis rendeedto a corventionalZ-buffer fromthe eye and
to anirregular Z-buffer fromthelight.

stratingtheimportanceof adaptve andirregularsamplingmethods
in this context.

Obsere that irregular shadav mapping effectively mimics
shadev generatiorby ray tracing. PointsP matchthe intersection
pointsbetweeneye raysandscenegeometry;andsteps2, 4 and6
imitate light ray computationUnlike ray tracing,irregularshadev
mappingis anobject-orderlgorithm,which meanghatprimitives
are processedn the order submittedby the application. In this
way, our approactcombinegheimagequality andsamplingchar
acteristicsof ray-tracedshadevs with the systemorganizationand
performanceharacteristicef Z-buffer rendering.

4.1 Image Quality

We comparethe quality of imagesproducedby irregular shadev
mappingto that of several otherapproachesFigure 1l shaws that
imagesgeneratedisingirregular shadev mappingarevisually in-
distinguishabldrom thoseproducedby the shadav volumestech-
nique. Figure7 shaws thatirregular shadev mappingeliminates
shadav aliasingartifactscommonlyassociatedvith corventional
shadev mapping. In Figure 8 we usean L2 norm to compare
quantitatvely the image quality of our approachto that of three
other approaches. Our quantitatve comparisonis made against
ray-tracedshadevs and againsttwo othershadev mappingalgo-
rithmsthatavoid object-spaceomputationsconventionalshadav
mappingWilliams 1978]andadaptve shadav mapping[Fernando
etal. 2001]. Thisfigureillustratesthatthe numberof shada map
samplesrequiredto attain high fidelity is muchlessthanthatre-
quiredby theseothershadav mappingtechniques.

Our corventional and adaptve implementationsnclude stan-
dard enhancementso reduceself-shadwing and shadw alias-
ing artifacts. Theseenhancementsclude percentageloserfilter-
ing (PCF)[Reeveset al. 1987], objectIDs [HourcadeandNicolas
1985]andorientation-dependebiasvaluedik ethosecomputedy
gl Pol ygonOf f set [OpenGL Architectural Review Board 2003].



Conventional Shadow Mapping Irregular Shadow Mapping
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render light view to regular
Z-bufter (yields Z,,,,)

render eye view to regular
Z-buffer (gives points P)

transform P into light space
(gives Z ;) and project to
light view image plane (P")

render eye view to regular
Z-buffer - depth values only
(gives points P)

transform P into light space
(gives Z p) and project to
light view image plane

*3 insert planar points into 2D
spatial acceleration structure

* 4 render light view to irregular
Z-buffer locations given by
accelerator (yields Z,,,,.)

5 render eye view to regular
Z-buffer
*6 select the light view sample shadow pixel if Z ., < Zp
nearest P’ and shadow pixel
if Z,..<Zp

near

Figure 5: A comparisonof corventional and irregular shadow
mapping Stepdabeledwith “*” are repeateder light source

PCFandgl Pol ygonCf f set rely on configurableparametersWe
carefully handtune theseparametersor eachimageof eachtest
sceneto minimize the differencein L2 normsfrom the baseline
ray-tracedmage.Additionally, thefield of view usedfor rendering
the conventionaland adaptve shadev mapsis tunedto maximize
the effective resolutionof thesemaps.

We usedtwo scenedor ourevaluations.Thefirstis from Doom3
(a leaked versionwidely available on the Internet). It consistsof
two light sourcesand 8548triangleswhich the Doom 3 gameen-
gine rendersusing stenciledshadev volumes[Everitt andKilgard
2002]. The secondscendis our creationandis designedasa chal-
lengingtestcaseor shadev mappingmethodgincludingourown).
Thisscends composeaf onelight sourcewith shadas, onedetail
light without shadavs, and 16372trianglesspreadamonga knot-
like shapeandseveral spheresThe silhouetteedgesof the curved
surfacesare proneto generatingegionsof high sampledensityin
irregularshadev maps.

All four shadev algorithmsareimplementedvithin asinglesoft-
wareframevork [Kolb 1997]. Doing soensureghe consisteng of
non-shadw-relatedimage features(i.e. blending, texturing, etc.)
acrossmagesproducedvith any shadev type. Theframeavork can
be configuredto mimic a real-timeZ-buffer rendererwith depth
valuesstoredin a 24-bit floating point format. Alternatively, the
framework canbe configuredasa recursve ray tracer with all in-
termediatevaluesmaintainedat 64-bit floating point precision.

5 Irregular Shadow Mapping: Data Structures

Ourimplementatiorof irregularshadev mappingstoressampleo-
cationsin anenhancedersionof thegrid-of-listsdatastructurede-
scribedearlier Ourprimaryenhancemens to useahash-lile func-
tiontomapahighresolutiontlogical” gridinto asmaller‘physical”
grid, therebyreducingthe memoryfootprint.

Figure 6: The view from Figure 1 overlaid with colored tiles is
shownat top. Thelower imagesshowtheirr egular shadowmaps
for thelight souccesbehindand above the eye (center),and at 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 respectivesye view pixel. Both mapscontain
regionsof high (B, C) andlow sampledensity(A, D).



Figure7: Ascenaendeedwith conventionalshadowmappingand
one sampleper pixel is shownat top. The samescenerendeed
with irr egular shadowmappingand onesampleper pixelis shown
at bottom.

This structureis is illustratedin Figure9. Thelogical grid over
laysthelight view imageplane.Logicalgrid (Igrid) cellindicesare
mappedo indicesin the physicalgrid (pgrid) usingthe hash-lile
function:

til ewidgth YoPgridwidth
til eneigit %0pgridheigr

poridi  lgrid;
pgridj  Igrid;

Igridj pgridwidtn
Igridi pgridheigh

Each physical grid cell potentially forms the root of its own
linkedlist. Shadev mapsamplegrojectingto thesamecellbecome
elementsof the samelist. Obsere in Figure6 thattiles of pixels
in eye spaceremainlargely intactin light space. Our hash-lile
function avoids folding contiguousregionsof high sampledensity
backontothemseles,while largely preservingary eyespace light
spacecoherence We exploit this coherencéy tiling the physical
gridin memoryandprocessindgragmentsn tile orderfMcCormack
etal. 1998].

This distinctionbetweerogical andphysicalgrids (inspiredby
the work of Reinhardet al. [2000]), permitsfiner discretizationof
the shadev mapplanethanwould otherwisebe practical. Smaller
cell sizesreducethe numberand severity of hot spots(cells with
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Figure 8: A plot of the differencein L2 normsbetweenimages
rendeedwith corventional(CSM),adaptive(ASM),andirr egular
(ISM) shadowmapsanda refeenceimage geneatedvia ray trac-
ing (oneunijittered eyeray per pixel). Therendeed sceneis from
Doom3 (seenin Figure 1). Theshadowmapsamplecountrepre-
sentsthetotal over bothlight sourcesin this scene Consideable
effort wasspenttuning CSMand ASMrelatedparametes.

significantly higher samplecountsthanothercells). Note thatin-
creasingthe resolutionof the logical grid relative to the physical
grid yieldsamoreevendistribution of samplesn thephysicalgrid.
However, increasinghis ratio alsoincreasesheprobabilitythatthe
linkedlist at ary particularphysicalgrid cell will containsamples
from distinctly differentregionsof the shadav map.
Constructiorof thedatastructureproceedsasfollows. Eyeview
pixelsareprocessedh tiles. Theresultingspatialcoherenceields
memoryaccesdocality. Pixelsin eachtile are transformedinto
light spaceandprojectedontothe light view imageplane. Thein-
dex of the logical grid cell occupiedby a projectedpoint (shadev
map sample)is mappedinto the physicalgrid usingthe hash-lile
functionshawvn previously. The sampleis prependedo the linked
list occupying this cell. Acceleratorconstructionis parallelizable
by assigningtiles of pixels to different processingelementsand
locking physicalgrid cellsduringlist update.
Irregularrasterizations similarly straightforvard. Our selection
of agrid asthetop level datastructureenablesisto leveragemary
component®f existing rasterizersScenegeometryis rasterizedo
thelogical grid asnormal,exceptthatary cell crossedy a prim-
itive is processedurther The primitive is testedagainsteachele-
mentin the linked list of the cell. Z interpolationanda depthtest
areperformedasusualfor sampledoundto fall within the primi-
tive. Viewportclipping is usedto restrictrasterizatiorto theregion
of thelogical grid populatedoy samplesA stencilmaskis usedto
discardfragmentsassociatedvith logical grid cellsdevoid of sam-
ples. Rasterizatioris parallelizableby assignindogical grid cells
coveredby a given primitive to differentprocessinglementsThis
approachs similarto parallelrasterizatiorin existing hardvare.

5.1 Architectural Support

Irregular shadav mappingis particularlyappropriatefor real-time
rendering,asit providesimage quality comparableo ray traced
shadavs andstenciledshadav volumes with thecomputationaéf-
ficienoy of shadev maps. However, irregular shadev mappingis
unlikely to run efficiently on currentgraphicshardware. An effi-
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Figure9: Thedata structue usedfor irregular shadowmapping
Thelight view image planeis overlaid with a “lo gical” grid. The
logical grid hashigherresolutionthan the actual stored (“physi-
cal”) grid. A hash-like functionmapspointsin thelogical grid into
cellsin thephysicalgrid. Ead cell of thephysicalgrid potentially
servesastherootof alinkedlist. Thelinkedlist containsthepoints
mappingto a givencell, for later useduring rasterization.

cientimplementatiorof thetechniquerequiresadditionalfunction-
ality not supportedin theseGPUs. Our proposedarchitectureis
illustratedin Figure 10, and combinesan enhancedsPU with a
multithreadedCPU-like processofdenoted'multithreadedproces-
sor”) on the samedie. This additionalprocessois similar to that
foundin somecommerciaembeddegrocessochips[Levy 2002],
network processor$Adiletta et al. 2002], and experimentalarchi-
tecturedCagaval etal. 2002].

Irregularshadev mappingconsistsof two phasesvhich usedif-
ferentpartsof the architecture. Acceleratorconstructionrequires
read/ write accesgo the datastructurein memory and executes
onthe CPU-like processoarThe constructiorkernelcontains40in-
structionsandconsumes live four-vectorregisters. Irregularras-
terizationrequiresread-onlyaccesdgo the datastructure,and uti-
lizes the graphicspipelinewith its enhancedragmentprocessors.
Therespectie kernelcontainsl4 instructionsandconsumes live
four-vectorregisters.

During irregular rasterization,the application sendspolygons
down the graphicspipelinejust asit would during corventionalZ-
buffer rendering.Thefixed-functionrasterizegenerateafragment
(hereaftelgrid fragmeny for eachlogical grid cell overlappedby a
triangle. Fragmentscovering logical grid cells marked empty in
the stencilmaskare discarded.Our enhancedragmentprocessor
transformshegrid fragmentslogicalgrid coordinatesnto physical
grid coordinatesandtraverseghatphysicalgrid cell’slinkedlist of
samples. Eachsamplein the cell is testedagainstthe triangle’s
edgeequationgPinedal988]. If a samplelies insidethetriangle,
thefragmentprocessoevaluategheZ interpolationequatioratthe
sampldocationandgenerateanoutputframeluffer fragmentwith
the computedZ value. The fragmentprocessosetsthe addresof
the frameluffer fragmentto the samples index value. This index
is thex / y positionof the eye-view pixel in theimageplanecorre-
spondingto the sample.Finally, eachframehuffer fragmentpasses
throughthefixed-functionZ-testunit, wheretheusualread/ modify
/ write Z buffer comparisons performed.

As we've indicated,efficient supportfor irregular rasterization
requiresenhancingthe capabilitiesof currentgraphicspipelines
andtheirfragmentprocessorfMicrosoft Corporatior2003;Beretta
et al. 2003]. First, the rasterizerneedsa modewhereit outputs
a grid fragmentwhen a triangle overlapsany portion of a pixel,
notjustits centerasis the casenow. Severalsetup/ rasterizerde-
signscan be modified to supportthis option, either by changing
the pixel walking algorithm or by moving the triangle edgesout-
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Figure10: Anarchitectue with componentsvhich enableefficient
executionof the irregular Z-buffer. Thelarge gray box denotes
architectural componenticludedin our simulation.

wardby 2 2 of pixel spacing. Additionally, the fragmentpro-
cessomustsupportconditionalbranchingand have accesdo the
homogeneougquationsdescribingthe edgesand Z interpolation
[OlanoandGreerl997]of thefragmentstriangle. Finally, thefrag-
mentprocessomustbe ableto conditionallyoutputa frametuffer
fragmentasmary timesasneededio adifferentcomputecaddress
(frameluffer location)eachtime. This computed-addressapabil-
ity is oftenreferredto asa scatteroperationand hasproven to be
usefulfor a wide variety of purposesn streamprocessorgKapasi
etal. 2002].

6 Simulation and Analysis

Any new techniqueargetedatreal-timegraphicsapplicationanust
run fastaswell asproduceimagesof the desiredquality, but eval-
uatingthe performancef new techniquedike oursis challenging.
Typically, an algorithm’s performances measuredn one of two
ways: at a high level by countingarithmeticoperationsusedfor
somedataset,or at alow level by implementingthe algorithmon
currenthardwareandtiming its execution. For our technique nei-
therapproachs adequateMemory hierarchyeffectssuchascache
missesandassociatethtencieshave becomdooimportantfor sim-
ple operationcountingto yield accurateperformanceestimatedor
memory-intensie techniques. However, currentarchitecturesio
not supportour techniquewell, so timing animplementatiorof it
onthesearchitecturesvould notbevery informative.

Insteadwe have constructed high-level performancesimulator
for thearchitectureve proposedn the previous section.Our simu-
lator modelsthe key performanceharacteristicef thearchitecture
— particularlymemoryhierarchyeffects— but doesnot attemptto
modelevery detailthatwould be necessaryo determinesxactexe-
cutiontimes. In otherwords,the primary purposeof our simulator
is to evaluatealgorithmsratherthanto evaluatearchitectures We
simulatethe memorysystemperformanceén the greatestletail, the
processorcore performanceat a mediumlevel of detail, and the
fixed-functiongraphicsunitsat a functionality level only.

Our memory hierarchysimulatoris adaptedfrom an existing



Avg. Depth Logical Physical Avg. Cell Stencil Grid Fragments  Framebuffer Fragments
Complexity Grid Size Grid Size List Length Buffer Size  Pre / Post-Stencil Pre / Post Z-Test
Doom light 0 3.43 1024x 1024  512x 512 5.32 641 x 692 1.60M / 1.26M 436M/1.22M
Doom light 1 2.30 1024x 1024  512x 512 24.47 413 x 327 0.23M/0.11M 3.05M /127
Knot light 0 298 1024x 1024  512x 512 16.06 209 x 938 0.57M/0.41M 3.52M/0.51M

Tablel: Statisticscaptued during irr egular rasterizationfor ead light view in our scenesEad light view contains1,310,720samples.

event queuebasedsimulator[Burger et al. 1999]. We discarded
theout-of-orderCPU coresimulationcomponentsindreplacedhe
DRAM subsystensimulatorwith our own. In our simulator writes
to one cacheare incoherentwith readsfrom anotherasautomatic
coherences complex andunnecessarin the contet of our algo-
rithm. Our DRAM subsystensimulatorhonorsall bankandchan-
neltiming restrictionge.g.prechagetimes)specifiedoy amemory
manugcturers datasheet[Micron Technology Inc. 2003]. The
configurationof the simulatedmemorysystemis shavn in Table2.

Our performancesimulator usesa single model for the CPU-
like processorcore and the fragmentprocessoicore, except that
thefragmentprocessoris forbiddento write to memoryandit sup-
portsstreaminputsandoutputs. The processorsre multithreaded
with zerocycle contet switchesand round-robinscheduling al-
lowing the processoto remainactive even whenmostthreadsare
waiting on cachemissesor locks. Eachprocessotis simple — it
issuesone scalaror 4-wide vector operationeachcycle. We use
theNV _vertex_program2nstructionset[Brown andKilgard 2003],
whichincludesconditionalbranchinstructionsbut nointegerarith-
metic. We augmentthis instructionsetwith instructionsfor lock
andunlock(usingoneof 256 on-chiplocks),128-bitloadandstore
(indirectaddressingdR’d with oneof two baseregisters),andlog-
ical shifts. We assumethatall instructionsexceptload, store,and
lock completein onecycle; i.e. we do not model pipeline stalls
causedby branchmispredictionor arithmeticunit latengy. These
potentialstallswould bepartially or wholly coveredby multithread-
ing andarelessimportantfor the shortpipelinewe areassumind 6
stageg® 1.2GHzin 90nm)thanthey arefor mostmodernl5+stage
CPUs.

— Latency (cycles) ]
Cache Size Assoc. LineSize Hit Miss Min. Miss Avg.
L1 16 KB 8 64B 1 6 6
L2 256KB 8 128 B 6 42 75-118*

Table2: Theconfiguation of our memorysimulator All proces-
sor coresand on-chip bussesun at 1.2GHz. Cachesutilize LRU

replacemenpolicy and are write-allocate write-badk. L2 min-
imummisslatencyassumes DRAM page hit and no contention.
DRAMsubsystem256-bitwide eight-dhannelconfiguationusing
eight 700 MHz DDR chips. Thel2 avelage misslatencyvaries
by scene

We separatelysimulatetwo key phasesf the ISM algorithm:
constructionof the shadev map datastructure which runson the
CPU-like processorandthe portion of irregular rasterizatiorthat
runsonthefragmentprocessorsThesimulateccodehasbeencare-
fully optimizedto reduceinstructioncount—for example,the con-
structionphaseprocessepixelsin pairsto maximizeuseof 4-wide
vectoroperations.

In theconstructiorphasegachthreadprocesseadifferentsetof
pixels. Within athread pixelsareprocessednetile atatime. The
inputdata(eye-view Z-buffer) residesn cacheabl®RAM, asdoes
the outputdata(acceleratodatastructureandstencilbuffer mark-
ing non-emptyphysical-gridcells). Prior to the constructiorphase
wemustclearthephysicalgrid in theacceleratodatastructurgone

pointerper cell) aswell asthe stencilbuffer, but we excludethese
clearingoperationdrom our measurementsecauseheir costsare

alreadywell understoodTable3 shavs the simulatedperformance
of the constructionphasefor eachlight in the two differentscenes
for animageresolutionof 1280x 1024.

S Total Equiv. Cycles / Useful
cene Cycles  Frame Rate Point Cycles (%)
Doom light 0 26,107,800 45.96 19.92 98.17
Doom light1 25,805,020 46.50 19.69 99.32
Knot light 0 26,025,554 46.11 19.86 98.48

Table3: Simulatedperformanceof the constructionof the spatial
acceleation structuse, for ead light view of therespectivescene
In all casesthe acceleator 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 therasterizatiorphaseof computationgrid fragmentsgener
atedby theconventionalrasterizeareassignedo thefirst available
fragmentprocessothread. Our performancesimulationassumes
thatthe stenciltestdescribedn section5 rejectsgrid fragmentsor
empty physicalgrid cells, so thesefragmentsare not assignedo
a fragment-processdahread. We do not modelthe stencil buffer
memorytraffic or the Z test/replacenemorytraffic in our perfor
mancesimulation,but theadditionalbandwidthconsumedy these
operationscanbe computedrom Tablel.

Table4 summarizeshe performanceof the fragment-processor
stageof irregular rasterizationfor four processorgachwith eight
threads Theseresultsdemonstratéhatour algorithmachievesreal-
time rateson the proposedarchitecture.

S Total Equiv. Cycles / Tri. Useful
cene Cycles Frame Rate  Sample Cycles (%)
Doom light 0 19,401,660 61.85 4.45 86.07
Doom light 1 9,663,102  124.18 3.17 94.32
Knot light 0 20,424,874 58.75 5.81 95.79

Table 4: Simulatedperformanceof the irregular Z-buffer during

rasterization. The sceneis rasterizedto ead light view of the

respectivescene Ead light view contains1,310,720samples.
Four multithreadedfragmentprocessos are used,eac with eight
threads.“Useful cycles” refers to the percentof processorcycles
spenton usefulwork (not stalling). “Cycles/ Tri. Sample”de-

notesthe cyclesrequiredto processonetriangle fragmentagainst
onelight-view sample

7 Discussion and Conclusion

We have presentedeveralresultsin this paper:

Theirregular Z-buffer: We have extendedheZ-buffer algo-
rithmto supportarbitrarysampldocationsin theimageplane.



Irregular shadow mapping: We have demonstratethatthe
irregular Z-buffer can be usedto generateshadev mapped
shadavs, andthatits useeliminatesthe artifactstraditionally
associateavith shadev mapping.

Hardware performance analysis: We have proposed setof
architecturakenhancement® supportirregular rasterization,
anddemonstrateith simulationthatthesecapabilitiesenable
thetechniqueo run atinteractve framerates.

It is likely that the irregular Z-buffer has additional applica-
tions elsavherein real-timerendering,including reflection map-
ping, adaptve sampling,andframelesgendering.

A key characteristiof theirregular Z-buffer approachs thatit
builds andtraversesan adaptve spatialdatastructure. This class
of datastructuress widely usedin graphicsandis likely to be par
ticularly importantin the future for real-timeray tracingof scenes
containingdeformableobjects. We believe that someof the algo-
rithmic and architecturalideaswe have presentedctan be applied
to this broaderproblem. We hopethat our work will helpto in-
spire CPU and GPU architectsto designfuture processorshatef-
ficiently supportthe constructionupdate andtraversalof adaptve
datastructures.
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