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Abstract

With fast3D graphicsbecomingmoreandmoreavailableevenon
low endplatforms,thefocusin developingnew graphicshardware
is beginning to shift towards higher quality renderingand addi-
tional functionality insteadof simply higher performanceimple-
mentationsof the traditionalgraphicspipeline. On this searchfor
improved quality it is importantto identify a powerful set of or-
thogonalfeaturesto be implementedin hardware,which canthen
be�e xibly combinedto form new algorithms.

Pixel texturesareanOpenGLextensionby SiliconGraphicsthat
�ts into this category. In this paper, we demonstratethebene�tsof
this extensionby presentingseveraldifferentalgorithmsexploiting
its functionalityto achievehighquality, highperformancesolutions
for a variety of differentapplicationsfrom scienti�c visualization
andrealisticimagesynthesis.Weconcludethatpixel texturesarea
valuable,powerful featurethatshouldbecomea standardin future
graphicssystems.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—Bitmapand framebuffer operationsI.3.3 [Computer
Graphics]: Picture/ImageGeneration—Displayalgorithms I.3.6
[ComputerGraphics]: Methodologyand Techniques—Standards
I.3.7 [Computer Graphics]: Three-DimensionalGraphics and
Realism—Color, Shading,Shadowing andTexture

1 Intr oduction

Until recently, themajorconcernin thedevelopmentof new graph-
ics hardware has beento increasethe performanceof the tradi-
tional renderingpipeline. Today, graphicsacceleratorswith a per-
formanceof several million textured, lit trianglesper secondare
within reacheven for the low end. As a consequence,we seethat
the emphasisis beginning to shift away from higherperformance
towardshigherquality andan increasedfeaturesetthatallows for
the useof hardware in a completelynew classof graphicsalgo-
rithms.

Recentexamplesfor this developmentcanbe found in version
1.2 of theOpenGLAPI [17]: both3-dimensionaltextures[2, 23],

whichcanbeusedfor volumerendering,andtheimagingsubset,a
setof extensionsusefulnot only for image-processing,have been
addedin this versionof thespeci�cation. Bumpmappingandpro-
ceduralshadersareonly two examplesfor featuresthatarelikely to
beimplementedatsomepoint in thefuture.

On this searchfor improvedquality it is importantto identify a
powerful setof orthogonalbuilding blocks to be implementedin
hardware,which canthenbe�e xibly combinedto form new algo-
rithms.We think thatthepixel textureextensionby Silicon Graph-
ics [9, 12] is a building block thatcanbeusefulfor many applica-
tions,especiallywhencombinedwith theimagingsubset.

In this paper, we usepixel texturesto implementfour different
algorithmsfor applicationsfrom visualizationandrealistic image
synthesis:fastline integral convolution (Section3), shadow map-
ping (Section4), realistic fog models(Section5), and �nally en-
vironmentmappingfor normalmappedsurfaces(Section6). Not
only do thesealgorithmshave a practicaluseby themselves, but
they alsodemonstratethegeneralpower of pixel textures.

Theremainderof thispaperis organizedasfollows. In Section2
we �rst describethe functionality addedby the pixel texture ex-
tensionaswell as the imagingsubset,which we alsousefor our
algorithms. Then,we introduceour algorithmsfor the above ap-
plicationsin Sections3-6. Finally, in Section7, we concludeby
discussingsomeobservationswemadewhile usingpixel textures.

2 Pixel Textures and the OpenGL 1.2
Imaging Subset

The imagingsubsetconsistsof a numberof extensionsthat have
beenaroundfor sometime. It introducesfeaturessuch as his-
tograms,convolutions, color lookup tables and color matrices.
Thesearestandardoperationsin imageprocessing,but alsohave
applicationsin many otherareas,aswe will show below.

Of themany featuresof this subset,we only usecolor matrices
andcolor lookuptables.A color matrix is a 4 � 4 matrix thatcan
beappliedto any RGB� pixel groupduringpixel transfer(that is,
while readingimagesfrom or writing imagesto the framebuffer,
but alsowhile specifyinga new textureimage).

In addition, separatecolor lookup tablesfor eachof the four
componentscanbe speci�ed both beforeandafter the color ma-
trix. Theseallow for non-lineartransformationsof thecolor com-
ponents.Scalingandbiasingof thecomponentsis alsopossibleat
eachof thesestages.For adetaileddiscussionof thesefeaturesand
thewholeimagingsubset,referto [17].

The pixel texture extension adds an additional stageto this
pipeline,which is locatedafter thesecondcolor lookup table(see
Figure1). This stageinterpretsthecolor componentsR, G, B, and
� astexturecoordinatess, t , r , andq, respectively. Pixel textures
only applyduringthetransferof pixelsto andfrom theframebuffer,
but not to theloadingof textures.
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Figure 1: Part of the renderingpipeline including pixel textures
and the imaging extension. Only featuresusedin this paperare
depicted.

A numberof otherrestrictionsapply. Thedimensionalityof the
texturehasto matchthenumberof componentsof theoriginalpixel
(thatis, beforeany lookuptablesor colormatricesareapplied).For
example,if theoriginal pixel hastwo components,luminanceand
alpha,thenthetexturehasto be2-dimensional.On theotherhand,
if the formatof theoriginal pixels is RGB� , thena 4-dimensional
textureis required.While 4-dimensionaltexturesarenotpartof the
OpenGLstandard,they arealsoavailableasanextensionfrom SGI.
An additionalrestrictionof thecurrentpixel textureimplementation
is that1- and2-dimensionaltexturesarenotdirectly supported,but
canbesimulatedusingdegenerated3-dimensionaltextures.

It is alsoimportantto notethatR, G, B, and� aredirectly used
astexturecoordinatess, t , r , andq. A division by q doesnot take
place. This meansthat perspective texturing is not possiblewith
pixel textures.

In asense,pixel texturesprovidealimited form of deferredshad-
ing [15], in that they allow oneto interpolatecolor codedtexture
coordinatesacrosspolygons.Thesecanthebeusedto evaluatear-
bitrary functionsof up to four variablesona perpixel basis.

3 Line Integral Convolution

Now that we have introducedthe basicfunctionality of pixel tex-
turesand the imagingsubset,we will demonstratetheir effective
usein several examplesfrom realistic imagesynthesisandscien-
ti�c visualization.We startby introducinga hardware-accelerated
methodfor 2D line integral convolution (LIC), which is a popular
techniquefor generatingimagesandanimationsfrom vectordata.

LIC was �rst introducedin [3] as a generalmethodto visual-
ize �o w �elds andhasbeenfurtherdevelopedto a high degreeof
sophisticationin [22]. Thebasicideaconsistof depictingthedirec-
tional structureof a vector�eld by imagingit' s integral curvesor
streamlines. Theunderlyingdifferentialequationto besolvedfor
obtaininga path� (s) throughan arbitrarypoint x whoseorienta-

tion coincideswith thevector�eld is givenby

d
ds

� (s) = f (� (s)) : (1)

By solving Equation1 with the initial condition � (0) = x, the
streamline of a particlestartingat positionx therebyundergoing
theinterior forcesof thevector�eld canbecomputed.

In orderto show thedirectionalstructureof thevector�eld, the
intensityfor apixel locatedatx0 = � (s0) is computedby convolv-
ing aninput textureT (usuallygivenby a randomnoise�eld) with
a �lter kernelk alongthestreamline:

I (x0) =
Z s0 + L

s0 � L
k(s � s0)T (� (s))ds (2)

Thus,alongthe streamcurvesthe pixel intensitiesarehighly cor-
related,whereasthey areindependent(seeFigure2) in theperpen-
diculardirection.
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Figure2: Therandomnoiseinput textureandtheLIC imageafter
20 iterationsteps.

The performanceof LIC-algorithms dependson the methods
usedto updateparticlepositions,andto performthe integral con-
volution. To solve Equation2 numericallytheinput textureis sam-
pled at evenly spacedpoints along the curves. Thesepoints are
interpolatedfrom thevector�eld which is usuallygivenat discrete
locationson anuniform grid. Althoughhigher-orderinterpolation
schemeshavebeenexploitedto obtainaccuratecurves,weonly use
bilinearinterpolationfor theupdateof particlepositions.This leads
to lessaccurateresultsbut it allows usto computepixel intensities
in real-time,which is of particularinterestfor previewing purposes
andanimations.

In orderto exploit pixel texturesfor line integralconvolution the
following texturesaregenerated:The noisevaluesarestoredin a
luminance-texture (T) andthe2-dimensionalvector�eld is stored
in the RG color componentsof a RGB-texture. Sincetexture val-
uesareinternally clampedto [0 : : : 1] the vector �eld is split into
it' spositive (V+) andnegative (V-) parts.Their absolutevaluesare
storedin two separatetextures.Negative vectorscanthenbesimu-
latedby mappingthenegative partsbut with a subtractive blending
model.

Figure 3 outlinesthe texture basedalgorithm to computeLIC
images.Eachpixel of the imageis initialized with a color repre-
sentingthe location of that pixel within the vector �eld. This is
accomplishedby drawing aquadrilateralthatexactlycoversthedo-
mainwith appropriatelyspeci�edvertex colors.In eachintegration
stepthe integrandin Equation2 is evaluatedby readingthe pixel
valuesfrom theframebuffer andwriting thembackin anadditional
buffer with enabledpixel texture T. The result is copiedinto the
accumulationbuffer therebyaccountingfor thescalefactork. The
updateof pixel positionsis performedin two passes.First, pixel
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Figure3: Multiple framebuffer operationshave to beperformedto generateLIC imagesusingpixel textures.Wherepixel texturesareused
pixel valueshave to bereadandwrittenbackinto theframebuffer. Arithmeticsymbolsdenotetheusedblendingfunction.

valuesarewritten, therebymappinginto V+ andaddingtheresults
to thosecolor valuesalreadyin the framebuffer. Second,thesame
procedureis appliedbut now with textureV-. Theblendingfunc-
tion is set appropriatelyin order to subtractthe newly generated
fragmentcolorsfrom thealreadystoredones.

In this way we take advantageof texture mappinghardware to
perform the interpolationwithin the input noise�eld, to interpo-
latewithin thevector�eld, to computenew particlepositions,and
to perform the numericalintegration. Accumulationbuffer func-
tionality is usedto properlyweight the resultsof eachintegration
step. Note that in addition to the back buffer a secondbuffer is
neededtemporarilyto write intermediateresults.In all our imple-
mentationsanadditionalinvisible but hardwareacceleratedbuffer,
theso-called“P-buffer”, whichcanbelockedexclusively, wasused
to preventotherapplicationsfrom drawing into pixel valueswhich
have to beread.

Figure4 showstwo LIC imagesgeneratedwith thepresentedap-
proach.An arti�cial vector�eld wasappliedin bothexamples.The
sizeof the generatedimagesandinvolved textureswas512x512.
On a SGI OctaneMXE workstationwith a 250Mhz R10000pro-
cessorit took0.3secondsto computetheline integral convolutions
with 20 iterationsteps.

4 Shado w Maps

In oursecondexamplewewill outlineamethodto simulateshadow
effectswith respectto parallellight sourcesandorthographicviews.
This algorithm is basedon the shadow-map approach[24]. Basi-
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Figure4: Two examplesof LIC imagesgeneratedwith the pixel
texturealgorithm.

cally, it is similar to theOpenGLshadow-mapextensionavailable
on SGI high-endmachines[21], but it ef�ciently takesadvantage
of theOpenGLcolor matrix andpixel texturesto generateshadow
maskson aper-pixel basis.

In a �rst renderingpassthe entire sceneis renderedin ortho-
graphicmodefrom thelight sourceposition.Theresultingz-values
are read and the shadow map is storedas an additional RGB�
texture with values(1; 1; 1; Z lig ht ). Now the sceneis rendered
from the presentviewing position. Again, z-valuesare readand
copied into the B� componentsof a separateframebuffer. RG
componentsareinitializedwith thepixel'sscreenspacecoordinates
(Scrnx ; Scrny ; Zv iew ; Zv iew ).



Eachpixel now storesthe information necessaryto re-project
into world spacecoordinateswith respectto the presentviewing
de�nition. From there,the projectioninto the light sourcespace
allows usto obtaintheentryin theshadow mapwhosevaluehasto
becomparedfor eachpixel.

Since the projective matricesM U nP r oj V iew = M � 1
P r oj V iew

and M P r oj Lig ht are known, it suf�ces to build a single matrix
CM All = M P r oj Lig ht � M U nP r oj V iew which accomplishesthe
transformation.It is loadedon top of the color matrix stack,but
it hasto beslightly modi�ed to ensurethat the transformedZ 0

lig ht
valuesarealsostoredin the � -channel.This allows us to take ad-
vantageof the� -testlateron.

We copy the framebuffer onceto apply the color matrix multi-
plication:
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As aresult,in eachpixel theRGcolorcomponentsspecifytheentry
in theshadow map,whereastheB� componentscontainthez-value
with respectto thelight source.

Finally, the framebuffer is readandwritten oncemore,thereby
texturing pixel valueswith the pre-computedshadow map. By
choosingtheblendingfunctionappropriatelythetexturevaluesare
subtractedfrom thosealreadyin the framebuffer andclampedto
[0 : : : 1]:
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Only wheretheobjectis in shadow thegeneratedpixel valueshave
� -valueslargerthanzero.

All pixels are now copiedonto eachother. However, by ex-
ploiting theOpenGL� -test,thosepixels where� 6= 0 will be re-
jected. All pixels which aredrawn arebiasedwith (1,1,1,0)using
theOpenGLimagingsubset.In this way theresultcanbedirectly
usedasashadow maskfor therenderedsceneon a per-pixel basis.

Due to the lack of projective pixel textures, this shadow-map
algorithm is currently restrictedto orthographicviews andparal-
lel light sources.Nonetheless,it canbe very useful, for example
in volume renderingapplications. For other applications,an ad-
ditional pixel texture modethat provides the perspective division
would allow for point lightsandperspective views.

5 Comple x Fog Models

Thenext applicationwe aregoingto look at is fog. In �ight simu-
latorsandotheroutdoorsceneries,fog cansigni�cantly contribute
to therealismof a scene.

Mostgraphicsboardsoffer two kindsof fog simulation:thesim-
pler versioncomputestheabsorptionusinga linearcolor rampthat
dependson the z-coordinateof a point in eye space,andthe sec-
ond,moreexpensive versioncomputesanexponentialdecayalong
thez-direction.Thecolorof a pixel is thenchosenas

Cp := (1 � absorption ) � Cf + absorption � Co ; (3)

whereCo is colorof theobject,andCf is aglobalfog color, which
is usedto fake emissionandscatteringeffects.

It is well known [14, 5] that the intensityof a point in a partici-
patingmediashoulddecayexponentiallywith thedistanced from
thepointof view:

absorption = e�
Rd

0 � ( t ) dt : (4)

For ahomogeneousmedium,thatis, for aconstantfog density�
throughoutspace,thisequationsimpli�es to

absorption = e� d� � :

Of course,a linear rampis only a very crudeapproximationof
this function,but eventheexponentialversionof hardwarefog ap-
proximatesthe distanceof a point from the eye by the point's z-
coordinate.

5.1 Euclidean Distance Fog

This exponentialversiondoesproducemorerealistic images,but
is still insuf�cient for several applications,sincethedistance(and
hencetheobstructionby fog) is underestimatedfor objectson the
peripheryof theimage(seeFigure5). As aconsequence,thebright-
nessof objectschangeswith theviewing direction,even if theeye
point remainsthe same. This resultsin seamswhenmultiple im-
agesof thescenearewarpedtogetherto form a compositeimage,
for examplefor largeprojectionscreens.
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Figure5: Simplefog systemsthatusethez-coordinateasanesti-
matefor thedistanceof apoint from theeyeunderestimatethedis-
tancein particularfor pointson theperipheryof theimage.More-
over, thedistanceestimatechangeswith theviewing direction.

In the following we introducean algorithm that computesfog
basedon the trueEuclideandistanceof a point from theeye. This
Euclideandistanceis computedvia lookuptablesandthecolorma-
trix, and�nally anexponentialfog function is appliedthroughthe
useof pixel textures.Themethodrequirestwo passesin which the
geometryis rendered,one framebuffer read,andoneframebuffer
write with pixel textures.

As a �rst step,thesceneis renderedwith theworld coordinates
xw , yw , andzw beingassignedascolorsto eachvertex. Thesecoor-
dinateshave to benormalizedto therange[0 : : : 1] througha linear
function.Similar linearmappingsarerequiredin severalof thefol-
lowing steps,but will be omittedin this discussionfor reasonsof
simplicity.

Then, a color matrix containingthe viewing transformationis
speci�ed,a color lookup tablecontainingthe function f (x) = x2

is activated,andthe framebuffer is readto main memory. At this
point we have an imagecontainingx2

e , y2
e , andz2

e , thesquaresof
eachpoint's coordinatesin eye space,asa RGBcolor.

Wewrite this imagebackto theframebuffer afterloadingacolor
matrix that assignsthe sumof R, G, andB to the red component
andspecifyinga color table that takes the squareroot. Now the
Euclideandistanceof eachpoint is codedinto the redcomponent.
Consequently, it canbeusedto referenceinto a pixel texturecon-
tainingEquation4. This 1-dimensionaltexturehasto bespeci�ed



asadegenerate3-dimensionaltexture,sincetheinitial formatof the
imageis RGB.

After this step, the framebuffer containsthe absorptionfactor
from Equation4 for eachpixel. Finally, thesceneis renderedagain,
this time with its regular texturesandlighting, but blendingis set
up in sucha way, that thesecolors are blendedwith the current
framebuffer contentaccordingto Equation3.
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Figure6: Two examplesfor Euclideandistancefog.

Figure6 shows imagesrenderedwith this methodon a SGI Oc-
tane MXI. This scenecan be renderedat 15 frames/sec. for a
640� 480resolution.

5.2 Layered Fog

Both the traditional hardware fog and the algorithm presented
above have in commonthatthefog is uniform,thatis, its densityis
constantfor thewholescene.Layeredfog is a conceptthatsoftens
this restriction,by allowing thedensityto changeasa functionof
height[13]. This meansthata visual simulationapplicationcould
specifya relatively denselayer of fog on theground,followed by
anareaof relatively clearsky, andthena layerof cloudshigherup.

The algorithmfor layeredfog that we presentin the following
is similar to theEuclideandistancefog algorithmpresentedabove.
However, insteadof a 1-dimensionalpixel texturewe now have to
usea 2-dimensionalor 3-dimensionalone.Theideaof fog compu-
tationthroughtablelookupsis borrowedfrom [13], but ourmethod
is fasterdueto theuseof pixel textures,whichallowsusto perform
all computationsin hardware.

Dueto therestrictionto layersof constantfog density, theexpo-
nentfrom Equation4 simpli�es to

Z d

0
� (t )dt =

d
jyw � ye;w j

Z y w

y e;w

� (y)dy; (5)

whereye;w is they-coordinateof theeyepoint in world space,yw is
anobjectpoint in world coordinates,andd is theEuclideandistance
betweenthetwo pointsasabove.

This is merelya scalingof theabsorptionfor a verticalray from
anobjectpointat heightyw to aneyepoint at heightye;w (alsosee
Figure7).

d

yw

ye,w

ye,w-y w

Figure7: For layeredfog, theabsorptionalonganarbitraryraycan
becomputeddirectly from theabsorptionfor a verticalray.

An interestingobservation is that Equation5 (and thus Equa-
tion 4) is only a a function of 3 variables: ye;w , yw andd. The
lattertwo of thesevaryperpixel, whereasthe�rst oneis aconstant
within eachframe. We proposetwo slightly differentmethodsfor
implementinglayeredfog, botharemodi�cations of thealgorithm
presentedin Section5.1.

The�rst methodusesa3-dimensionaltexturethatdirectlycodes

e
� d= ( j y w � y e;w j )

Ry w
y e;w

� ( y ) dy
. To computethethreetexturecoordi-

nates,we readthe framebuffer to mainmemoryasin Section5.1,
but thistimewith acolormatrixandlookuptablesthatstorex2

e , y2
e ,

z2
e andyw asanRGB� imagein main memory. During the writ-

ing phase,thecolormatrixandlookuptablesaresetupsothatthey
stored andyw in theR andG components.Biasingthebluecompo-
nentby theglobalconstantye;w yields the third color component,
andthusthethird texturecoordinatefor thepixel texture.Sincethe
intermediateformatof the imageis RGB� , the3-dimensionalfog
texturehasto bestoredasadegenerate4-dimensionalpixel texture.

Insteadof the biasingstep,it is alsopossibleto only used and
yw to effectively referencea2-dimensionaltexture,which thenhas
to changeevery time the eye point movesvertically. This hasthe
advantagethatsmallertextureRAM sizesaresuf�cient, but thedis-
advantagethatnew textureshaveto bedownloadedto textureRAM
if theheightof theeye changes.

Figure 8 shows imagesrenderedwith layeredfog, againon a
SGIOctaneMXI. With bothalgorithms,thisscenecanberendered
at 12 frames/sec.for a 640 � 480 imageresolution. This time is
marginally largerthanthetimefor Euclideandistancefog presented
above,dueto theuseof RGB� insteadof RGB images.
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Figure 8: Two examplesfor layeredfog with a denselayer of
groundfog anda layerof cloudson thetop.

BothEuclideandistanceandlayeredfogaremostusefulin visual
simulationapplicationswhererealismis a top requirement.They
allow for a more accuratesimulationof visibility in certainsitu-
ations. The standardhardware fog which improves the vision in
peripheralregionsis not adequatein thesesituations.Themethods
presentedhereallow for anef�cient, hardwarebasedimplementa-
tion of bothlayeredandEuclideandistancefog.

6 Envir onment Mapping for Normal-
Mapped Surfaces

As a �nal examplefor applicationsof pixel textures,we discussan
algorithmfor applyingsphericalenvironmentmaps[8] to surfaces
with normal maps. Insteadof the sphericalparameterizationwe
describehere,it is alsopossibleto useview-independentparabolic
maps[11, 10].

We use the term “normal map” for textures containingcolor
codednormalsfor eachpixel in objectspace.Normal mapshave
the advantagethat the expensive operations(computingthe local
surfacenormalby transformingthebumpinto thelocal coordinate
frame)have alreadybeenperformedin a preprocessingstage.All
thatremainsto bedoneis to usetheprecomputednormalsfor light-
ing eachpixel. As we will show in thefollowing, this allows usto



usea fairly standardrenderingpipeline,which doesnot explicitly
supportbumpmapping.Anotheradvantageof normalmapsis that
recentlymethodshave shown up for measuringthemdirectly [20],
or for generatingthemasa by-productof meshsimpli�cation [4].

Theparameterizationusedmostcommonlyin computergraphics
hardwaretoday, is thesphericalparameterizationfor environment
maps[8]. It is basedon the simpleanalogyof a small, perfectly
mirroring ball centeredaroundthe object. The imagethat an or-
thographiccameraseeswhen looking at this ball from a certain
viewing directionis theenvironmentmap.

With this parameterization,the re�ection of a mirroring object
canbelookedup usingthefollowing calculations(seeFigure9 for
thegeometry).For eachvertex computethe re�ection vectorr of
the per-vertex viewing directionv . A sphericalenvironmentmap
whichhasbeengeneratedfor anorthographiccamerapointinginto
directionv 0 , storesthecorrespondingradianceinformationfor this
direction at the point wherethe re�ective spherehasthe normal
h := (v 0 + r )=jjv 0 + r jj . If v 0 is thenegative z-axis in viewing
coordinates,thenthe 2D texture coordinatesaresimply the x and
y componentsof the normalizedhalfway vectorh. For environ-
mentmappingon a per-vertex basis,thesetexture coordinatesare
automaticallycomputedby thetexturecoordinategenerationmech-
anismof OpenGL.
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Figure9: Thelookupprocessin asphericalenvironmentmap.

An interestingobservation is that for orthographiccameras,the
viewing directionv is identicalto the referenceviewing direction
v 0 for all vertices,and thus, the halfway vector h is identical to
thesurfacenormaln. This approximationdoesnot work well for
smooth,planarobjects,asit causestheseobjectsto receiveasingle,
solid color. However, the approximationcan be usedfor bump-
mappingalgorithms,sincethesetypically introducea lot of high-
frequency detail,sothattheartifactsarerarelynoticeable.

This means,that the informationfrom a normalmapcanbedi-
rectly usedto look up a mirror re�ection term in a sphericalen-
vironmentmap. The algorithmto do this usespixel textures,and
worksasfollows: First, theobjectis renderedwith thenormalmap
asa texture,andall renderedpixelsaremarkedin thestencilbuffer.
Theresultingimageis readbackto mainmemory. During this op-
eration,a color matrix canbeusedto mapthenormalsfrom object
spaceinto eyespace,wheretheenvironmentmapis speci�ed. This
yieldsanimagecontainingeyespacenormalsfor eachvisiblepixel.

A secondrenderingpass,in which the 2-dimensionalenviron-
mentmapis appliedasa degenerate3-dimensionaltexture,is then
employedto look upthemirror re�ection for eachpixel (only pixels
previously marked in thestencilbuffer areconsidered).Figure10
shows someimagesthathave beengeneratedwith this technique.

In addition to the mirror term, it is also possibleto add local

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure10: Examplesfor normal-mappedsurfaceswith applieden-
vironmentmaps. In the top row, only the mirror componentsare
shown. For the bottomrow, Phonglighting hasbeenaddedwith
techniquesdescribedin [10].

Phongillumination using additional renderingpasses.Theseal-
gorithmsrequireoperationsfrom the imagingsubsetbut no pixel
textures,andarethereforenot describedhere. They arediscussed
in detail in [10].

Sphericalenvironmentmapsarewidely usedin interactivecom-
putergraphics,but they have thedisadvantagethatthey needto be
regeneratedfor every new viewing positionand-direction.In [11],
a different,parabolicparameterizationhasbeenintroduced,which
doesnot have this disadvantage.Sincethis parameterizationalso
usesthe halfway vector h for the environment lookup, the same
techniquecanbeappliedto thesemaps.A combinationof parabolic
environmentmapsand pixel textureswith supportfor projective
texturing allows one to apply one environmentmap to a normal
mappedsurfacefor all viewing positionsand-directions(adetailed
discussionof thistopiccanbefoundin [10]. Withoutprojectivetex-
turing, parabolicenvironmentmapscan,like sphericalmaps,only
beusedfor oneviewing direction.

The techniquesdiscussedin this sectionprovide ef�cient ways
for applyingenvironmentmapsto normalmappedsurfaces.Com-
binedwith techniquesfor local illumination,describedin [11], this
allows for theef�cient implementationof normalmappedsurfaces.

7 Discussion

In thispaperwehaveusedtheSGIpixel textureextensionin anum-
berof algorithmsfor a varietyof differentapplications:hardware-
basedline-integral convolution, shadow mapping, complex fog
modelsandenvironmentmappingfor normalmappedsurfaces.

Thesealgorithmsprovideef�cient, highquality implementations
for problemsin visualizationandrealisticimagesynthesis.In addi-
tion to beingvaluablecontributionson their own, they alsodemon-
stratesometechniquesfor usingpixel texturesandthenew OpenGL
imagingsubset.In thefollowing,wewill discusssomeobservations
wehave madewhile working on thesealgorithms.



Firstly, theOpenGLimagingsubsetis alsousefulfor many ap-
plicationsoutsidetraditional imageprocessing.Especiallywhen
combinedwith pixel textures,the color matrix is a powerful way
for transformingpoints and vectorsbetweendifferent coordinate
systems.Lookup tablesandscaling/biasingadditionallyallow for
non-linearoperationssuchasthecomputationof a Euclideandis-
tance.

Secondly, we shouldmentionthe major limitation of pixel tex-
turesin thepresentedscenarios.Themostcrucialdrawbackstems
from thelimited depthof theavailableframebuffers.Whendatais
storedin a pixel textureandrenderedinto the framebuffer usually
precisionis lost. For example,if theshadow mapin whichz-values
arestoredis mappedanddrawn into an8 Bit display, quantization
artifactsarisewhichcanbeseenparticularlyatshadow boundaries.
Thesameholdsfor thesimulationof realisticfog modelswherethe
exponentialattenuationis quantizedinto a limited numberof bins.
Furthermore,the framebuffer depthstronglydeterminesthe size
of texturesthat can be accessed.Effectively, only texturesup to
256x256canbemappedusing8 Bit displays.

In ourapplicationswethereforeusedthedeepervisualsprovided
by theOctanegraphicssystem.With 12 bits percomponent,these
quantizationartifactsarealreadysoftenedsigni�cantly. Nonethe-
lessfor someapplicationssuchasshadow maps,even deepervi-
sualswould be bene�cial. As a consequence,we seespeci�cally
designedvisualsor additionalbufferswith limited functionalitybut
higherprecisionasoneof the dominantfeaturesin futuregenera-
tion graphicshardware.

As a �nal observation,we found that the �e xibility of thepixel
texture extensioncould be further improved through two minor
changesin the speci�cation. One changeregardsthe supportof
projective textures. By introducinga modethat performsa per-
spective division by theq component,this importantfeaturecould
besupported.This would, for example,openthedoorfor ageneral
shadow mapalgorithmasshown in Section4 andview-independent
environmentmaps(Section6),but otherapplicationsarealsopossi-
ble. Of courseit couldbearguedthataperspective divide for every
pixel is anexpensive operation,but on theotherhandthereareap-
plications,suchasshadow mapping,wherethis operationhasto be
performedat somepoint. It is thenbetterto have hardwaresupport
for this insteadof forcing theuserto fall backto software.

The secondchangeregardsthe coupling of imageformat and
dimensionalityof thepixel texture. We think thattherereally is no
goodreasonfor this. In many of themethodswehavedemonstrated
how thenumberof color componentscanbeexpandedor reduced
throughtheuseof color matricesandlookuptables.Thereforeit is
reasonableto allow pixel textureswith anarbitrarydimensionto be
usedwith imagesof any internalformat.

While thesetwo changeswould certainlyhelpto make thepixel
texture extensioneven morepowerful, even the currentspeci�ca-
tion hasmany applications.Thedescribedalgorithmsonly show a
small part of theseapplicationsof pixel textures,but they demon-
stratethe potentialof the extensionis for achieving high quality,
highperformancerenderings.Webelieve thatpixel texturesshould
becomeastandardcomponentof thegraphicspipeline,andthatthis
extensionshouldbecomepartof theOpenGLstandard.
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