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Abstract

The geometrichbuffer (G-buffer) is a well-knowvn approachto implementimage-
basedrenderingalgorithms.We proposea framework that mapsthe G-buffer con-
cept and associatedmage-spaceperationsto the graphicsprocessingunit (GPU).
This GPU-G-huffer (G2-buffer) framawork consistsof two major components:rst,
atexture-basedepresentatioof the G-buffer attributes;secondanimplementatiorof
the image-spaceperationsdby fragmentprograms.The G-buffer setupandthe actual
renderingalgorithmaredescribedn aplaintext le, whosesyntaxis anextendedver-
sion of the Effect Files in DirectX or CgFX. Our approachprovides a fastand easy
methodto implementG-hbuffer algorithmsthat automaticallyexploit the GPU with
its high memorybandwidthand processingoower. We demonstratehe usageof the
G?-buffer for a coupleof applicationsn non-photorealisticendering.

1 Intr oduction

Image-spaceenderingtechniqgueshave alwaysbeenan active areaof researchsinceall
renderingsnally endup in imagespace Advancesn the eld of non-photorealisticen-
dering(NPR) alsoshaw the usefulnes®f image-spacapproachesiAn importantclassof
NPRrenderingstylesoperategslirectly in imagespacesuchashalftoning,screeningstip-
pling, or hatchingmethods.

Saitoand Takahashproposea generalframewnork for image-spaceenderingalgorithms
called G-buffer [ST9Q. This buffer forms an enrichedimage space alsoreferredto as
2.5Dimagespacewherebyeachpixel of theimagespaceholdsarbitraryadditionalinfor-
mation,suchasnormal,depth or texturecoordinatesin this papemereferto this extended
pixel asfragment.lt is obviousthatthe memoryrequirementandthe neededprocessing
power of this approachare not bene cial for interactive applications However, real-time
renderingis possibleon modernGPUsby exploiting their high memorybandwidth(up to
30.4GB/seckhnd processingpower. Recentadvancesin the programmabilityof graphics
hardwareallows for a very fastand e xible implementatiorof the G-buffer. Our proposed
framewvork combineghe G-buffer with thefunctionalityof programmablé&PUsto anovel
genericG?-buffer (GPU-G-luffer) concept.
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2 PreviousWork

Non-photorealistidenderingis an areaof applicationwhereimage-space¢echniquesare
widely used.An overview of NPR techniquescan be found in the textbooksby Gooch
andGooch[GGO01], StrothotteandSchlechtwg [SS03, andin the SIGGRAPHCourseon
NPR[GSS 99]. Saitoand Takahasshowv how to usethe G-buffer to implementdifferent
renderingstyles[ST9(Q. RecentlyMitchell etal. presente@nalgorithmoperatingn image
spaceo detectobjectoutlines[MBCO02]. Theirwork is alsostronglybasedn the G-buffer
conceptalthoughthey useapplication-speci cimplementationandnot a genericframe-
work. As anotherexampleNPR halftoningrenderingstyle by Freudenbeag et al. [FMS02]
canreadily be corvertedto image-spaceperationdy usingnormal,intensity andtexture
coordinatesas G-huffer attributes.Also the hatchingapproachby Praunet al. [PHWFO01]
canbe describedvia a G-buffer algorithm.Implementingthe pen-and-inkstyle rendering
methodby Freudenbeg et al. [FMS01] with the G-buffer framework offersnew possibili-
tiesto improve the results.For example,silhouettescould be detectedandemphasizedn
imagespace Finally, Secord[Sec02 presentsa methodto generatestipple dravings; he
alsomentionsaninteractve techniquethatcanbe corvertedto a G-buffer description.
Often image-spaceechniquesare usedto postprocessrenderingsof 3D scenesand to
further enhancethe visual appearanceThis recenttrend can be obsened in mary GPU
demonstratioprogramsandalsoin new importantvideo gametitles. With this correspon-
denceof postprocessingalgorithmsandimage-spacéechniquesthe proposeds?-buffer
framawork could be seenasthe logical add-onto Microsoft's Effect Edit tool includedin
the DirectX 9.0 SDK [Mic02].

3 The G-Buffer Concept

The G-huffer (geometricbuffer) approachby Saitoand Takahashseparatesenderingin
two parts.In a rst step,the G-huffer attributesaregeneratedn a 2D domain.Thereare
mary attributesthatcanbe usedin a G-huffer. The simplestonescomefrom the standard
graphicspipelineitself; for example,G-buffer attributescanstorecolor, alpha,depth,tex-
ture coordinatespr the normal per fragmentof the image space Othertypical G-buffer
attributesare objectID, world-spaceposition, screen-spacposition,or parameterization
of higherordersurfaces Additionally, furtherattributesmight beimplementeduchasthe
screen-spaceelocity for motionblur effectsor light-spacedepthvaluesfor shadev calcu-
lations.Most of theseattributesarecomputedn objectspaceandstoredfor eachfragment
of theimageplane.The subsequentenderingpassesteferredto as G-buffer operations,
receve this informationandhave thereforeaccesgo morethanonly simple2D color in-
formation. Thus,the G-huffer could be thoughtof asa 2.5D enrichedimagespace since
thedatait holdsis no longerrestrictedto the 2D imageplane.

Arbitrary calculationsuponthis datastructureare appliedto evaluatethe nal resultper
fragment.This approachmalkesit possibleto implementsomeclassef algorithmsthat
cannotberealizedby object-spacéechniquesOneof themare Iter operationsyhichare
alsowidely usedin computervision andimage postprocessingDependingon the lter
kernel, different computationsare performed,for example edgedetectionby the Sobel



operatoior bluringby Gaussianitering. Also morphologicabperationdik e dilateor erode
could be realized.Thereare far more Iter operationsdescribedn the computervision
[Dav96] andimageprocessingRus03 literature,andmostof themcouldbeimplemented
in a G-buffer technique.

Non-photorealistiaenderingis anothertypical applicationfor the G-buffer. Many algo-
rithms for artistic drawing styleswork in image space,just as a real artist would do.
Hatchingor stippling illustrationsgeneratedn image spacedo not suffer from perspec-
tive distortions introducedoy mostobject-spacéechniquesMore importanttherendering
algorithmsarenotrestrictedby objectbordersandso,for example hatchinglinescancross
objectboundariedo achieve a morenaturaldraving style. SomeNPR algorithmsare ex-
clusive image-spaceperationsvhich canautomaticallybeimplementediia the G?-buffer
framework.

Deferredshadings athird eld of applicationfor the G-buffer. Thebasicideais to separate
shadingandlighting from the otherpartsof rendering.This hasseveraladvantagestf the
lighting conditionsof ascenerechangedut thegeometryremainsstatic,only thelighting
hasto berecomputedMoreover, if ascenesuffersfrom massie overdrav, a corventional
object-spacalgorithmwill computethelighting for eachfragmentregardlessf it is over
drawn by other, closerfragmentsin contrastdeferredshadingevaluateshe illumination
only for thevisible pixels.

4 Effect Files

In this sectionwe give a brief overview of Effect Files andtheir usage The functionality
of GPUshasadwancedgreatlyover the lasttwo yearsandsothe programmingof today's
GPUshasbecomeguite complex. Statesof the graphicspipelinehave to be setup, vertex
shaderand pixel shademprogramsneedto be speci ed. Traditionally, mary of theseop-
erationsarespreadover differentpartsof the programsourcecode(for example,the C++
code).ThereforeEffectFiles(FX Files)wereintroducedn DirectX 8 andfurtherenhanced
in DirectX 9 [Mic02] to simplify theprogrammingf the GPU.They encapsulatthewhole
setupandprogrammingpf the graphicspipelinewithin a descriptionof a so-calledEffect
An Effectis describedby a charactestringor anexternaltext le andthusthis conceptis
mainly referredto asEffectFile. The sourcecoderesponsibldor the GPU programmings
decoupledrom the main programcode,which dealswith the CPU programmingln this
way, a bettermaintainabilityandreadabilityof the sourcecodefor both partsis achieved.
Additionally, the descriptionof an Effectis platform-independenthus,it couldbereused
on otherplatforms,suchasCgFX [Fer03.

Effect Files provide supportto de ne namedparametersvithin an Effect descriptionThe
initial contentis setup within the description;additionally the valuescould be modi ed
by the outsideframework to in uence the behaior of an Effect. Further a mechanismis
supportedo setupall statef thegraphicgipeline(suchasculling mode blendingmode,
or z-test)for eachrenderingpassde ned within an Effect File. The programmingof ver-
tex shaderand pixel shademnit of actualGPUsis supportedn two differentlanguages:
High-level shadinglanguaggHLSL) to describeshademprogramsn a C-like mannerand



aspeci c assemblyanguagedor machine-leel programmingWithin an Effect, eachpass
may containits own setof statesettings vertex shadere nition, andpixel shadede ni-
tion. In termsof EffectFiles,a collectionof oneor morepassess combinedo atechnique
description.Sincedifferent GPUshave differentfeaturesit is also possibleto de ne al-
ternative techniguesvithin oneEffect. Out of these DirectX canautomaticallychoosethe
bestavailabletechniquefor the currentlyusedGPUwhenthe Effectis boundto thegraph-
ics hardware.

5 ExtendedEffect Filesfor G-Buffers

The conceptof Effect Files is mainly designedto describeobject-spaceenderingtech-
nigues.In contrastthe G-huffer is a pureimage-spacapproachandthereforeadditional
functionality is neededo make Effect Files usefulin this context. The following two es-
sentialaspectof the G-buffer cannotbe con gured in the original Effect Files: rst, the
G-huffer attribute storage secondthe G-buffer operationsandtheir associatediata o w.
Multiple 2D rendertargettexturesare usedto modelthe G?-buffer storage onefor each
attribute. Effect Files do not provide a mechanisnto de ne rendertargets,thereforethe
attributesarede ned asa 2D texture within the descriptionof the Effect. Our framework
recognizeghesede nitions and updateshe attribute texture for every frame. The algo-
rithmsto generatehe attribute valuesaretypically object-spacenethodshatarealsoim-
plementedvia EffectFiles.

A G-hufferoperationis speci edby atechniqueconsistingof oneor morerenderingpasses.
Thecomputationgreperformedoerfragmentthusthe G-buffer operatioris describedria
a setof pixel shademprogramsOften onepassneedsnformationgeneratedy a previous
pass.Thereforethepossibilityto modelthedata o w, i.e.,to saywhich passresultis used
asinput for anothempassmustbeintroducedto the Effect description Figure 1 showvs all
possibledata o w con gurationsthat shouldbe con gurable within an extendedEffect
File.

Texturescanbeusedasdatainputto pixel shadeprogramsasit is alreadypossiblen stan-
dardEffect Files. To storetheresultof a renderingpassinto a texture that canafterwards
be usedasinput for subsequenpixel shaderprogramsyrendertargettextures,referredto
aspass-esulttextures areused.As mentionedbefore,Effect Files do not supportrender
targetsettingsthuspass-resultexturesarede ned asordinarytextureswithin the Effect.
The G?-buffer framework detectehemandallocatescorrespondingendertargettextures
in which the result of the renderingpassis kept. During renderingthe framework auto-
matically activatesthe accordingrendertargetfor eachpassof the G-buffer operationThe
inputsof the singlepasseshatarelabeledwith BufIn referto anindirectinput of thedata
alreadycontainedn theframebuffer via alphatest,alphablending,z test,or stenciltest.
Throughthis mechanisnit is possibleto have fragmentprogramsof arbitrarylength,as
subsequenpassesancontinuethe calculationof prior passesA similarideais proposed
by William R. Mark andKekoa Proudfoot{MP01]. More importantly subsequenpasses
canaccessesultsof previouscalculationsof neighboringfragmentsn imagespaceOnly
in thisway lter operationsanbeimplemented.
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Figurel: Data o w diagramfor extendedEffect Files.

To addthe abore mentionedenhancement&ffect descriptiongrovide namedparameters
thatcould be processedby the framework. Thus,our proposedramewvork follows the de-
signof Microsoft's Effect Edit tool [Mic02] which alsoenricheghefunctionality of Effect
Filesthroughthis mechanismAs therearemary G-buffer attributesavailableandthe nal
renderingpossiblyneedsonly a few of them,the setupshouldonly containthe attributes
thatare nally usedin the G-buffer operationsThe descriptionshovn in Figure2 de nes
a G-huffer attribute setupand operationthat performsan edgedetectionand dilation to
broaderthem.Theresultof this algorithmis illustratedin the Figure3.

6 Implementation

Theimplementatiorof the G2-Buffer framework is basecn DirectX 9.0andits EffectFile
feature.DirectX providesthefunctionalityto readandparseanEffect File. The extensions
areencodedoy the namingof the texturesandattributeswithin the Effect File de nition.
The G?-buffer framewvork examinesthe descriptionandarrangeshe setupof the attributes
andpass-resultextures.The actualstorageof the G-buffer attributesandintermediatepro-
cessingresultsis realizedvia rendertarget textures. Therefore,arny datatransferof the
perpixel informationbetweerthe GPUandthe CPUis avoided.

For pass-resulandattributetextures thenumberof componentsheprecisionperelement,
andthe relative scalefactor for the size of the whole texture are speci ed in the Effect.
Theseparameteraresetup by modi ers within the nameof thedeclaredexture.
Sincethe allocatedtexture size,dimension,andprecisioncanbe con gured to matchex-
actly the requirementsary memoryoverheadis avoided. For example,it is possibleto
setupthe normalattribute with threecomponentsn 16 bit x ed-pointprecisionwhile the



Il texel size;

/I constants

float  edgeThreshold
float  dilateThreshold

set by the framework

float4  TexelSize;

= 0.09f;
= 9.0f;

struct  VS_DILATE_OUT
{

VS_DILATE_OUT VSDilate(

float4  lowLeftTexel
float4  lowRightTexel

/I declaration of a G-buffer “intensity" /I edge pixel shader

Texture  GBAintensity_ ABR8G8BS; float4 PSEdgeFilter(VS_EDGE_OUT  In) COLOR
/I define  pass-result texture  for pass 0 {

Texture PASSO_A8R8G8BS; float4  centerTexel = tex2D(objlInt,In.Tex0);

= tex2D(objint,In.Tex1);
= tex2D(objint,In.Tex2);

float4  objColor;

/I calc

roberts  cross

float  edgeWeight =

float4  lowerTexel

1l filter vertex shader output abs(centerTexel.x - lowLeftTexel.x)
struct  VS_EDGE_OUT + abs(centerTexel.x - lowRightTexel.x);
{ float4  edgeColor = 1.0f;

float4 Pos POSITION; if (edgeWeight > edgeThreshold)

float2 Tex0 : TEXCOORDO; edgeColor = 0.0f;

float2 Texl : TEXCOORD1; return  edgeColor;

float2 Tex2 : TEXCOORD2; }
h /I dilate  pixel shader sampler
/I edge vertex shader sampler edge = sampler_state
VS_EDGE_OUTVSEdgeFilter(

float3  Pos POSITION, texture = <PASS0_A8R8G8B8>;

float2 Tex0 : TEXCOORDO, AddressU = CLAMP;

float2 Texl : TEXCOORD1) AddressV = CLAMP;
{ MIPFILTER = POINT;

VS_EDGE_OUTOut; MINFILTER = POINT;

Out.Pos.xyz = Pos; Y

Out.Posw = 1.0f; /I dilate  pixel  shader

OutTex0 = Tex0; float4  PSDilate(VS_DILATE_OUT In) : COLOR

float2 lowerTexels = Tex0 - TexelSize.wy; {

OutTexl = lowerTexels - TexelSize.xw; /I read 3x3 texel block

Out.Tex2 = lowerTexels + TexelSize.xw; float4  centerTexel = tex2D(edge,In.Tex0);

return  Out; float4  leftTexel = tex2D(edge,In.Tex1.xy);
} float4  rightTexel = tex2D(edge,In.Texl.zw);
/I dilate vertex shader output float4  upperTexel = tex2D(edge,In.Tex2.xy);

= tex2D(edge,In.Tex2.zw);

float4  upperLeftTexel

float  dilateEdgeColor

= tex2D(edge,In.Tex3.xy);

float4 Pos POSITION; float4  upperRightTexel = tex2D(edge,In.Tex3.zw);
float2  Tex0 : TEXCOORDO; float4  lowerLeftTexel = tex2D(edge,In.Tex4.xy);
float4  Texl : TEXCOORDI; float4  lowerRightTexel = tex2D(edge,In.Tex4.zw);
float4 ~ Tex2 : TEXCOORDZ; /I evaluate dilation
float4  Tex3 : TEXCOORDS3; float  dilateWeight = centerTexel + leftTexel
float4  Tex4 : TEXCOORD4; + rightTexel + upperTexel  + lowerTexel

Y + upperLeftTexel + upperRightTexel

/I dilate vertex  shader + lowerLeftTexel + lowerRightTexel;

= 1.0f;

float3 Pos POSITION, if (dilateWeight < dilateThreshold)
float2 Tex0 : TEXCOORDO, dilateEdgeColor = 0.0f;
float2  Texl : TEXCOORDL) return  dilateEdgeColor;
}
VS_DILATE_OUT Out; /I definition of techniques
Out.Pos.xyz = Pos; technique  TO
Out.Posw = 1.0f; {
Out.Tex0 = Tex0; pass PO
Out.Tex1.xy = Tex0 + TexelSize.xw;
Out.Texl.zw = Tex0 - TexelSize.xw; VertexShader = compile vs_1_1 VSEdgeFilter();
Out.Tex2.xy = TexO + TexelSize.wy; PixelShader = compile ps_2_0 PSEdgeFilter();
Out.Tex2.zw = Tex0 - TexelSize.wy;
Out.Tex3.xy = TexO + TexelSize.xy; pass P1
Out.Tex3.zw = Tex0 - TexelSize.xy; {
Out.Tex4.xy = Tex0 - TexelSize.xw VertexShader = compile vs_1_1 VSDilate();
+ TexelSize.wy; PixelShader = compile ps_2_0 PSDilate();
OutTexd.zw = Tex0 + TexelSize.xw }
- TexelSize.wy; }
return  Out;
}
/I edge pixel shader sampler
sampler objint = sampler_state
{
texture = <GBAintensity_ ABR8G8B8>;
AddressU = WRAP;
AddressV = WRAP;
MIPFILTER = POINT;
MINFILTER = POINT;
4

Figure2: Implementatiorof anedgedetectorfollowedby a dilate operation.

color attributeis generateavith four component®f 8 bit precision.The choiceof the pre-
cision and numberof componentger elementis restrictedby the available formatsfor
rendertarget textures.For example,formatswith 8 and 16 bit x ed-pointprecisionand



16 and 32 bit oating-point precisionare supportecon an ATI Radeon9700.The size of
thetexturesis not restrictedto powersof two, i.e., non-paver-of-two texturesareutilized.
Thisfeaturecanbedisabledor pixel shadershatusedependentexturefetchessincemost
GPUsdo notsupporttexture-coordinatealculationgor suchtextureswithin apixel shader
program.
The rst renderingstepis to updatethe G-buffer attributesthat are requiredduring the
subsequeraxecutionof the G-buffer operationsAfterwards,the framewnork processethe
G-huffer operationby renderingthe correspondingpassestepby step.Before a passis
renderedhe framework setsthe appropriateendertarget, which is eitherthe frametuffer
or apass-resuliexture. Thenaquadrilaterathatmatchegxactly thesizeof theimageplane
is drawvn, wherethetexture coordinate®f the verticesaresetup to representhe fragment
positionsin image space.During the fragmentprocessinghesetexture coordinatesare
usedto accesghe G-huffer attributesor resultsof prior passesSincethe assignedexture
coordinatesnustexactly addresghe correspondindexel, specialcarehasto be takento
ensurea one-to-ongixel-to-texel mapping.
The sizeof the texel mustbe known by the Effect to accessadjacentexels. Sincethe size
of the pass-resulor attribute texturesdependon the framehuffer dimensionthe texel size
changesvheneer the frameluffer is resized.To overcomethis problem,the texel sizeis
de ned asa vectorwithin the effect descriptionandchangeddy the framework aftereach
viewportresize.
In generaltthe outputof the nal passof a G-buffer operationis storedin the frameluffer.
Additionally, our framework allows the userto save the nal resulteitherto animage
le or combinea sequencef imagesinto a video le. On the otherhand,a specialG-
buffer attribute is provided that decompressea still imageof a video streameachtime
the G-buffer operationis executed.Throughthesetwo featuresit is possibleto realize
programmableideo processingitilizing the GPU.

7 Results

The performanceof theimplementatiordependson variousfactors.The costsof the rst
partwheretheattributesarecomputedandstoredn the G-buffer areaffectedby thenumber
andcompleity of theusedattributes.Many operationson G-huffersusestandardyraphics
pipeline properties,as color or normal, for whosecomputationthe GPUsare optimized.
However, for arbitraryattributesthe computationatostmight differ signi cantly, depend-
ing ontheoperationgperformedo evaluatethe attribute.

As a G-buffer operatioris animage-spaceechniqueits performances linearly dependent
on the numberof fragmentson the imageplane.Other parametershat affect the perfor
manceare the compleity of the fragmentprocessingnumberof passesn the G-buffer
operation,andthe precisionanddimensionof the intermediateresults.Stateddifferently,
the main part of the implementatioris rasterizatiorbound:Sinceeachpassof a G-buffer
operationustrendersa screen-sizguadrilateralyertex processings no restrictionhere.
Theperformancémpactof afastCPUis negligible asall computationsrehandledwithin
the GPU.Becauseherearemary factorsthatin uence the performancef theframework,



the presentedrameratesreonly valid for the shovn speci ¢ examplecasesAll illustra-
tions arerenderedn a Windows XP machinewith anIntel P42.8GHzCPU andan ATI

Radeor®700PRO GPU.

Figure 3 shavs the result of the afore mentionedEffect codein Figure 2. The G-buffer
operatiorperformsaRoberts crossedgedetectioranda subsequerdilation. Thisexample
is renderecat 64 fpsona 1024 1024viewport.

A comparisorof two edgedetection Iters is illustratedin Figure4. On the left sidethe
edgesaredetectedsia a Roberts cross Iter , while ontheright sidea Sobel Iter is used.
Both imagesshav the samescenewith equalcameraparametersThe Roberts crossG-

buffer operationrunsat 185 fps on a 1024 1024viewport, while the Sobel Iter results
in 80 fps with sameviewport dimensions Only minor differencesare noticeablein the
visual appearanchile the frameratediffer signi cantly. With suchshortexamplesthe

Figure3: Dilatededgesjmplementedasa G-buffer operation.



Figure4: Comparisorof edgedetectiormethodsRobertscrosslter (left) andSobel lter
(right).

G?-buffer framawork canbe usedto checkif moresophisticatedomputationsrerequired
or not.

Figure5 comparesheresultof a Gaussiarblur (right handside)versusheoriginalimage
(left handside). The G-buffer attributesare renderedat threetimesthe dimensionof the
actualframehuffer. Afterwardsthe Gaussianlter is appliedto averagethe valueof 3 3
pixel blocksto a single pixel. This self-programmedupersamplingendersthe example
sceneat 145fpsona 512 512 outputframetuffer, while the renderingwithout Itering
runsat560fps.

Figure6 showvs the lastexampleusinga NPR screeningechnique Several G-buffer oper
ationsareperformedo calculatethe nal result. Thecontrasof thescends enhancedhe
edgesaredetectedanddilated,and nally thescreeningechniquds applied. Theexample
renderecht 78 fpsona 1024 768viewport.

8 Conclusion

We have proposedhe G?-buffer framework, which offersa e xible, generic,andabstract
way to implementG-huffer operationson graphicshardware. The designof theframeawork
avoidsunnecessarglatatraf ¢ betweenGPUand CPU. Therefore the implementatiorof
image-spacenethodsbene t from the hughmemorybandwidthand processingpower of
moderngraphicshardware.Ourframework allowsall typical G-buffer approache® beim-
plementedsuchasdeferredshading NPR,or image Itering. Processingf videostreams
is also possible,wherebyall framesof a sourcevideo are ltered by a G-buffer opera-
tion onthe GPU andafterwardsrecompressetb a new video le. We have integratedthe
G?-buffer into Effect Files framework; sinceonly minor extensiongto the original syntax
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Figure5: Gaussiarblur operation.The left imageshaows the original rendering the right
pictureillustratesthe Gaussltered rendering.

areintroduced our systemcanbe easilyadoptedby developersandexisting codecanbe
reused.

In future work, further featuresof GPUscould be consideredo acceleratahe G-huffer
framework: Multiple rendertargets could be adoptedto generatemultiple G-buffer at-
tributesor multiple intermediateesultswithin onerenderingpasg§MBCO02]; multiple ele-
menttextures(MET) couldimprove the utilization of texture memory;maskingof empty
regionsin imagespaceby the early z-test.Finally, the framavork couldbereimplemented
for otherplatformsby usingCgFX [Fer03 or OpenGL2.0[3dI02].
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Figure6: NPRscreeningechniquewith dilatededges.



