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Abstract

With fast3D graphicshecomingmoreandmoreavailableeven on
low endplatforms,thefocusin developingnew graphicshardware
is beginning to shift towards higher quality renderingand addi-
tional functionality insteadof simply higher performancemple-
mentationsof the traditionalgraphicspipeline. On this searchfor
improved quality it is importantto identify a powerful setof or-
thogonalfeaturesto be implementedn hardware, which canthen
be e xibly combinedo form new algorithms.

Pixel texturesarean OpenGLextensionby Silicon Graphicghat
ts into this catgyory. In this paper we demonstrat¢he bene ts of
this extensionby presentingseveral differentalgorithmsexploiting
its functionalityto achieve high quality, high performancesolutions
for a variety of differentapplicationsfrom scienti ¢ visualization
andrealisticimagesynthesisWe concludethatpixel texturesarea
valuable powerful featurethat shouldbecomea standardn future

graphicssystems.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Bitmagand framehuffer operationsl.3.3 [Computer
Graphics]: Picture/ImageGeneration—Displayalgorithms1.3.6

[ComputerGraphics]: Methodologyand Techniques—Standards

1.3.7 [Computer Graphics]: Three-DimensionalGraphics and
Realism—ColorShading Shadwing and Texture

1 Introduction

Until recently themajorconcerrin thedevelopmentof new graph-
ics hardware hasbeento increasethe performanceof the tradi-
tional renderingpipeline. Today graphicsacceleratorsvith a per
formanceof several million textured, lit trianglesper secondare
within reachevenfor the low end. As a consequenceye seethat
the emphasigs beginning to shift away from higherperformance
towardshigherquality andan increasedeaturesetthat allows for
the useof hardwarein a completelynew classof graphicsalgo-
rithms.

Recentexamplesfor this developmentcanbe foundin version
1.2 of the OpenGLAPI [17]: both 3-dimensionatextures[2, 23],

which canbe usedfor volumerenderingandtheimagingsubseta
setof extensionsusefulnot only for image-processindave been
addedin this versionof the speci cation. Bump mappingandpro-
cedurakhadersreonly two exampledor featureghatarelikely to
beimplementedat somepointin thefuture.

On this searchfor improved quality it is importantto identify a
powerful setof orthogonalbuilding blocksto be implementedn
hardware,which canthenbe e xibly combinedto form new algo-
rithms. We think thatthe pixel texture extensionby Silicon Graph-
ics[9, 12] is a building block thatcanbe usefulfor mary applica-
tions,especiallywhencombinedwith theimagingsubset.

In this paper we usepixel texturesto implementfour different
algorithmsfor applicationsfrom visualizationandrealisticimage
synthesis:fastline integral corvolution (Section3), shadav map-
ping (Section4), realisticfog models(Section5), and nally en-
vironmentmappingfor normal mappedsurfaces(Section6). Not
only do thesealgorithmshave a practicaluseby themseles, but
they alsodemonstratéhe generapower of pixel textures.

Theremaindeof this paperis organizedasfollows. In Section2
we rst describethe functionality addedby the pixel texture ex-
tensionaswell asthe imaging subsetwhich we also usefor our
algorithms. Then, we introduceour algorithmsfor the above ap-
plicationsin Sections3-6. Finally, in Section7, we concludeby
discussingsomeobsenationswe madewhile usingpixel textures.

2 Pixel Textures and the OpenGL 1.2
Imaging Subset

The imaging subsetconsistsof a numberof extensionsthat have
beenaroundfor sometime. It introducesfeaturessuch as his-
tograms, convolutions, color lookup tables and color matrices.
Theseare standardoperationsn imageprocessingput also have
applicationdn mary otherareasaswe will shav below.

Of the mary featuresof this subsetwe only usecolor matrices
andcolorlookuptables.A colormatrixisa4 4 matrix thatcan
be appliedto ary RGB pixel groupduring pixel transfer(thatis,
while readingimagesfrom or writing imagesto the framehuffer,
but alsowhile specifyinga new textureimage).

In addition, separatecolor lookup tablesfor eachof the four
componentan be speci ed both before and after the color ma-
trix. Theseallow for non-lineartransformation®f the color com-
ponents.Scalingandbiasingof the componentss alsopossibleat
eachof thesestagesFor adetaileddiscussiorof thesefeaturesand
thewholeimagingsubsetreferto [17].

The pixel texture extension adds an additional stageto this
pipeline,which is locatedafter the secondcolor lookup table (see
Figurel). This stageinterpretsthe color component®, G, B, and

astexture coordinates, t, r, andq, respectiely. Pixel textures
only applyduringthetransferof pixelsto andfrom theframehuffer,
but notto 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 componentsf the original pixel
(thatis, beforeary lookuptablesor color matricesareapplied).For
example,if the original pixel hastwo componentsluminanceand
alpha,thenthetexture hasto be 2-dimensionalOn the otherhand,
if theformatof the original pixelsis RGB , thena 4-dimensional
textureis required.While 4-dimensionatexturesarenot partof the
OpenGLstandardthey arealsoavailableasanextensionfrom SGI.
An additionalrestrictionof thecurrentpixel textureimplementation
is that1- and2-dimensionatexturesarenot directly supportedbut
canbe simulatedusingdegenerate@-dimensionatextures.

It is alsoimportantto notethatR, G, B, and aredirectly used
astexture coordinates, t, r, andg. A division by q doesnot take
place. This meansthat perspectie texturing is not possiblewith
pixel textures.

In asensepixel texturesprovide alimited form of deferredshad-
ing [15], in thatthey allow oneto interpolatecolor codedtexture
coordinatescrosgolygons.Thesecanthe be usedto evaluatear
bitrary functionsof up to four variableson a perpixel basis.

3 Line Integral Convolution

Now that we have introducedthe basicfunctionality of pixel tex-
turesandthe imaging subsetwe will demonstrateheir effective
usein several examplesfrom realisticimage synthesisand scien-
ti ¢ visualization. We startby introducinga hardware-accelerated
methodfor 2D line integral corvolution (LIC), which is a popular
techniquefor generatingmagesandanimationsrom vectordata.

LIC was rst introducedin [3] asa generalmethodto visual-
ize ow elds andhasbeenfurtherdevelopedto a high degreeof
sophisticationn [22]. Thebasicideaconsistof depictingthedirec-
tional structureof a vector eld by imagingit's integral curvesor
streamlines. The underlyingdifferentialequationto be solved for
obtaininga path (s) throughan arbitrary point X whoseorienta-

tion coincideswith thevector eld is givenby
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By solving Equation1 with the initial condition (0) = x, the
streamline of a particle startingat positionx therebyundegoing
theinterior forcesof thevector eld canbecomputed.

In orderto shav the directionalstructureof the vector eld, the
intensityfor apixel locatedatxo = (So) is computedy convolv-
ing aninputtexture T (usuallygivenby arandomnoise eld) with
a Iter kernelk alongthestreamline:

z so+ L
I (Xo) = k(s
L
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Thus, alongthe streamcurvesthe pixel intensitiesare highly cor
related whereaghey areindependenfseeFigure?2) in the perpen-
diculardirection.

Figure2: Therandomnoiseinputtexture andthe LIC imageafter
20iterationsteps.

The performanceof LIC-algorithms dependson the methods
usedto updateparticle positions,andto performthe integral con-
volution. To solve Equation2 numericallytheinputtextureis sam-
pled at evenly spacedpoints along the curves. Thesepoints are
interpolatedrom thevector eld whichis usuallygivenatdiscrete
locationson an uniform grid. Although higherorderinterpolation
schemegave beenexploitedto obtainaccurateurves,weonly use
bilinearinterpolationfor the updateof particlepositions.Thisleads
to lessaccurataesultshut it allows usto computepixel intensities
in real-time,which s of particularinterestfor previewing purposes
andanimations.

In orderto exploit pixel texturesfor line integral convolution the
following texturesare generatedThe noisevaluesare storedin a
luminance-tgture (T) andthe 2-dimensionalector eld is stored
in the RG color component®f a RGB-texture. Sincetexture val-
uesareinternally clampedto [0::: 1] the vector eld is split into
it's positive (V+) andnegative (V-) parts.Their absolutevaluesare
storedin two separateextures.Negative vectorscanthenbe simu-
latedby mappingthe negative partsbut with a subtractve blending
model.

Figure 3 outlinesthe texture basedalgorithmto computeLIC
images. Eachpixel of theimageis initialized with a color repre-
sentingthe location of that pixel within the vector eld. This is
accomplishedby drawving aquadrilaterathatexactly coversthedo-
mainwith appropriatelyspeci edvertex colors.In eachintegration
stepthe integrandin Equation2 is evaluatedby readingthe pixel
valuesfrom the framehuffer andwriting thembackin anadditional
buffer with enabledpixel texture T. The resultis copiedinto the
accumulatiorbuffer therebyaccountingor the scalefactork. The
updateof pixel positionsis performedin two passes.First, pixel
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Figure3: Multiple frameluffer operationshave to be performedto generatd IC imagesusingpixel textures. Wherepixel texturesareused
pixel valueshave to bereadandwritten backinto the framehuffer. Arithmetic symbolsdenotethe usedblendingfunction.

valuesarewritten, therebymappinginto V+ andaddingtheresults
to thosecolor valuesalreadyin the frametuffer. Secondthe same
procedurds appliedbut now with texture V-. The blendingfunc-

tion is setappropriatelyin orderto subtractthe newly generated

fragmentcolorsfrom the alreadystoredones.

In this way we take adwantageof texture mappinghardwareto
performthe interpolationwithin the input noise eld, to interpo-
late within the vector eld, to computenew particlepositions,and
to performthe numericalintegration. Accumulationbuffer func-
tionality is usedto properlyweight the resultsof eachintegration
step. Note thatin additionto the back buffer a secondbuffer is
neededemporarilyto write intermediateresults. In all ourimple-
mentationsan additionalinvisible but hardware accelerateduffer,
theso-called'P-buffer”, which canbelockedexclusively, wasused
to preventotherapplicationsfrom drawing into pixel valueswhich
have to beread.

Figured shavstwo LIC imageggeneratedvith thepresentedp-
proach.An arti cial vector eld wasappliedin bothexamples.The
size of the generatedmagesandinvolved textureswas 512x512.
On a SGI OctaneMXE workstationwith a 250 Mhz R10000pro-
cessoiit took 0.3 secondgo computetheline integral corvolutions
with 20 iterationsteps.

4 Shadow Maps

In oursecondexamplewe will outlineamethodto simulateshadav
effectswith respecto parallellight sourcesandorthographic/iews.
This algorithmis basedon the shadav-map approach[2}f Basi-

Figure4: Two examplesof LIC imagesgeneratedvith the pixel
texturealgorithm.

cally, it is similar to the OpenGLshadw-map extensionavailable
on SGI high-endmachineq21], but it efciently takesadwantage
of the OpenGLcolor matrix andpixel texturesto generateshadav

maskson aperpixel basis.

In a rst renderingpassthe entire sceneis renderedin ortho-
graphicmodefrom thelight sourceposition. Theresultingz-values
are read and the shadav map is storedas an additional RGB
texture with values(1;1;1;Zig ne ). Now the sceneis rendered
from the presentviewing position. Again, z-valuesare readand
copiedinto the B componentsof a separatdframeluffer. RG
componentsareinitialized with thepixel'sscreerspacecoordinates
(Scrnx ) Scrny ) Zview ) Zview )



Eachpixel now storesthe information necessaryo re-project
into world spacecoordinateswith respectto the presentviewing
de nition. From there,the projectioninto the light sourcespace
allows usto obtaintheentryin theshadav mapwhosevaluehasto
be comparedor eachpixel.

Since the projectve matricesMuynp roj v iew P rloj View
andMpojLig ne are known, it sufces to build a single matrix
CMai = Mprojtgnt Munprojview Which accomplisheshe
transformation. It is loadedon top of the color matrix stack, but
it hasto beslightly modi ed to ensurethatthe transformedz |?g ht
valuesarealsostoredin the -channel.This allows usto take ad-
vantageof the -testlateron.

We copy the framehuffer onceto apply the color matrix multi-
plication:

2 ng 3 2 X 3
Ys L _ Ys
2ZI(i) htg =M Al gzviewg
leg ht Zview

As aresult,in eachpixel theRG colorcomponentspecifytheentry
in theshadev map,whereasheB componentsontainthez-value
with respecto thelight source.

Finally, the framehuffer is readandwritten oncemore,thereby
texturing pixel valueswith the pre-computecshadev map. By
choosingthe blendingfunctionappropriatelythetexture valuesare
subtractedrom thosealreadyin the framehuffer and clampedto
[0:::1]):

2 X%) 3 2 1 3 2 0 3
Y, 1 _ 0
gzl(i)shlg 2 1 g - g 0 g
Ziig ht Ziig ht Zdit

Only wheretheobjectis in shadav the generategbixel valueshave
-valueslargerthanzero.

All pixels are nov copiedonto eachother However, by ex-
ploiting the OpenGL -test,thosepixelswhere 6 O will bere-
jected. All pixelswhich aredravn arebiasedwith (1,1,1,0)using
the OpenGLimagingsubset.In this way the resultcanbe directly
usedasashadev maskfor therenderedsceneon a perpixel basis.

Due to the lack of projective pixel textures, this shadev-map
algorithmis currently restrictedto orthographicviews and paral-
lel light sources.Nonethelessit canbe very useful,for example
in volume renderingapplications. For other applications,an ad-
ditional pixel texture modethat providesthe perspectie division
would allow for pointlights andperspectie views.

5 Comple x Fog Models

Thenext applicationwe aregoingto look atis fog. In ight simu-
latorsandotheroutdoorsceneriesfog cansigni cantly contribute
to therealismof ascene.

Mostgraphicshoardsoffer two kindsof fog simulation:thesim-
plerversioncomputeghe absorptiorusingalinearcolor rampthat
dependon the z-coordinateof a point in eye spaceandthe sec-
ond, moreexpensve versioncomputesan exponentialdecayalong
thez-direction. Thecolor of a pixel is thenchoseras

Ch=(1

whereC, is colorof theobject,andC; is aglobalfog color, which
is usedto fake emissionandscatteringeffects.

It is well known [14, 5] thatthe intensityof a pointin a partici-
patingmediashoulddecayexponentiallywith the distanced from
thepointof view:

absorption) C; + absorption Co; )

R
absorption = e ¢ (. (4)

For ahomogeneousedium,thatis, for aconstanfog density
throughoutspacethis equationsimpli es to

absorption = e ¢

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

5.1 Euclidean Distance Fog

This exponentialversiondoesproducemorerealisticimages,but
is still insufcient for several applications sincethe distance(and
hencethe obstructionby fog) is underestimateébr objectson the
peripheryof theimage(seeFigure5). As aconsequencehebright-
nessof objectschangewith the viewing direction,evenif theeye
point remainsthe same. This resultsin seamswvhenmultiple im-
agesof the scenearewarpedtogetherto form a compositeimage,
for examplefor large projectionscreens.

viewing dir. 2

viewing dir. 1

distance estimate 1

Figure5: Simplefog systemghatusethe z-coordinateasan esti-
matefor thedistanceof apointfrom the eye underestimatéhe dis-
tancein particularfor pointson the peripheryof theimage. More-
over, the distanceestimatechangesvith theviewing direction.

In the following we introducean algorithm that computesfog
basedon the true Euclideandistanceof a point from the eye. This
Euclideardistancds computedria lookuptablesandthecolor ma-
trix, and nally anexponentialfog functionis appliedthroughthe
useof pixel textures. The methodrequirestwo passeén which the
geometryis renderedone framehuffer read,and one frameluffer
write with pixel textures.

As a rst step,the scenes renderedwith the world coordinates
Xw, Yw , andzy, beingassignedscolorsto eachvertex. Thesecoor
dinateshave to benormalizedo therange[0: : : 1] throughalinear
function. Similar linearmappingsarerequiredn several of thefol-
lowing steps,but will be omittedin this discussiorfor reasonof
simplicity.

Then, a color matrix containingthe viewing transformationis
speci ed, a color lookup tablecontainingthe functionf (x) = x2
is activated,andthe framehuffer is readto main memory At this
point we have animagecontainingx2, y2, andz2, the squareof
eachpoint's coordinatesn eye spaceasa RGB color.

We write thisimagebackto theframeluffer afterloadingacolor
matrix that assignghe sumof R, G, andB to the red component
and specifyinga color table that takes the squareroot. Now the
Euclideandistanceof eachpoint is codedinto the red component.
Consequentlyit canbe usedto referencento a pixel texture con-
taining Equation4. This 1-dimensionatexture hasto be speci ed



asadegenerat8-dimensionatexture,sincetheinitial formatof the
imageis RGB.

After this step,the frameluffer containsthe absorptionfactor
from Equationd for eachpixel. Finally, thescends renderedgain,
this time with its regular texturesandlighting, but blendingis set
up in sucha way, that thesecolors are blendedwith the current
frameluffer contentaccordingto Equation3.

Figure6: Two examplesfor Euclideandistanceog.

Figure6 shavs imagesrenderedvith 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
constanfor thewhole scene Layeredfog is a concepthatsoftens
this restriction,by allowing the densityto changeasa function of
height[13]. This meanghata visual simulationapplicationcould
specifyarelatively densedayer of fog on the ground,followed by
anareaof relatively clearsky, andthenalayerof cloudshigherup.

The algorithmfor layeredfog that we presentin the following
is similar to the Euclideandistanceog algorithmpresentedbove.
However, insteadof a 1-dimensionapixel texture we now have to
usea 2-dimensionabr 3-dimensionabne. Theideaof fog compu-
tationthroughtablelookupsis borrovedfrom [13], but our method
is fasterdueto theuseof pixel textures,which allows usto perform
all computationsn hardware.

Dueto therestrictionto layersof constanfog density the expo-
nentfrom Equation4 simpli es to

e R ©)
t)ydt= —— ; 5
0 Yw  Yew] yeu e
whereye.y isthey-coordinateof theeye pointin world spacey. is
anobjectpointin world coordinatesandd is the Euclideardistance
betweerthetwo pointsasabore.

Thisis merelyascalingof theabsorptiorfor a verticalray from
anobjectpointat heighty, to aneye pointatheightye., (alsosee
Figure7).

YewY w

Ye,w'

Figure7: For layeredfog, theabsorptioralonganarbitraryray can
be computedirectly from theabsorptiorfor a vertical ray.

An interestingobseration is that Equation5 (and thus Equa-
tion 4) is only a a function of 3 variables:yew , yw andd. The
lattertwo of thesevary perpixel, whereaghe rst oneis aconstant
within eachframe. We proposetwo slightly differentmethodsfor
implementingayeredfog, botharemodi cations of the algorithm
presentedn Section5.1.

The rst methpdusesa 3-dimensionatexturethatdirectly codes
e H0vw yew D) yo W 14 computethe threetexture coordi-
nates we readthe frametuffer to mainmemoryasin Section5.1,
but thistime with acolormatrixandlookuptablesthatstorexg, yé,
z2 andy, asanRGB imagein main memory During the writ-
ing phasethecolor matrix andlookuptablesaresetup sothatthey
stored andy,, in theR andG componentsBiasingthebluecompo-
nentby the global constanty.. Yyieldsthethird color component,
andthusthethird texture coordinateor the pixel texture. Sincethe
intermediatdformat of theimageis RGB , the 3-dimensionafog
texturehasto bestoredasadegeneratel-dimensionapixel texture.

Insteadof the biasingstep,it is alsopossibleto only used and
yw to effectively referencea 2-dimensionatexture,which thenhas
to changeevery time the eye point movesvertically. This hasthe
adwantagehatsmallertextureRAM sizesaresufcient, but thedis-
adwantagethatnew textureshave to bedownloadedo texture RAM
if theheightof theeye changes.

Figure 8 shavs imagesrenderedwith layeredfog, againon a
SGI OctaneMXI. With bothalgorithms this scenecanberendered
at 12 frames/secfor a640 480 imageresolution. This time is
maminally largerthanthetime for Euclideardistancdog presented
above, dueto theuseof RGB insteadof RGBimages.

Figure 8: Two examplesfor layeredfog with a denselayer of
groundfog anda layerof cloudsonthetop.

BothEuclideardistanceandlayeredfog aremostusefulin visual
simulationapplicationswhererealismis a top requirement.They
allow for a more accuratesimulationof visibility in certainsitu-
ations. The standardhardware fog which improves the vision in
peripherakegionsis not adequatén thesesituations.The methods
presentedhereallow for anef cient, hardwarebasedmplementa-
tion of bothlayeredandEuclideandistancefog.

6 Environment Mapping for Normal-

Mapped Surfaces

As a nal examplefor applicationsof pixel textures,we discussan
algorithmfor applyingsphericalervironmentmaps[8] to surfaces
with normal maps. Insteadof the sphericalparameterizationve
describehere,it is alsopossibleto useview-independenparabolic
mapsg[11, 10].

We use the term “normal map” for textures containingcolor
codednormalsfor eachpixel in objectspace.Normal mapshave
the adwantagethat the expensve operationgcomputingthe local
surfacenormalby transformingthe bumpinto thelocal coordinate
frame)have alreadybeenperformedin a preprocessingtage. All
thatremaingto bedoneis to usethe precomputediormalsfor light-
ing eachpixel. As we will shaw in thefollowing, this allows usto



usea fairly standardenderingpipeline,which doesnot explicitly
supportoump mapping.Anotheradvantageof normalmapsis that
recentlymethodshave shavn up for measuringhemdirectly [20],
or for generatinghemasa by-productof meshsimpli cation [4].

Theparameterizationsedmostcommonlyin computegraphics
hardwaretoday is the sphericalparameterizatiorfor ervironment
maps[8]. It is basedon the simple analogyof a small, perfectly
mirroring ball centeredaroundthe object. The imagethat an or-
thographiccameraseeswhen looking at this ball from a certain
viewing directionis the ervironmentmap.

With this parameterizationthe re ection of a mirroring object
canbelooked up usingthefollowing calculationgseeFigure9 for
the geometry). For eachvertex computethe re ection vectorr of
the pervertex viewing directionv. A sphericalernvironmentmap
which hasbeengeneratedor anorthographiccamergointinginto
directionv, storeghecorrespondingadiancenformationfor this
direction at the point wherethe re ective spherehasthe normal
h := (vo + r)Ijjvo + rjj. If vo is the negative z-axisin viewing
coordinatesthenthe 2D texture coordinatesare simply the x and
y componentf the normalizedhalfway vectorh. For environ-
mentmappingon a pervertex basis,thesetexture coordinatesare
automaticalljcomputeddy thetexturecoordinategeneratiormech-
anismof OpenGL.

Figure9: Thelookupprocessn asphericalervironmentmap.

An interestingobsenation is thatfor orthographiccamerasthe
viewing directionv is identicalto the referenceviewing direction
vo for all vertices,andthus, the halfway vectorh is identicalto
the surfacenormaln. This approximationdoesnot work well for
smooth planarobjects asit causesheseobjectsto receve asingle,
solid color. However, the approximationcan be usedfor bump-
mappingalgorithms,sincethesetypically introducea lot of high-
frequeng detail, sothatthe artifactsarerarelynoticeable.

This meansthatthe informationfrom a normalmapcanbe di-
rectly usedto look up a mirror re ection termin a sphericalen-
vironmentmap. The algorithmto do this usespixel textures,and
worksasfollows: First, the objectis renderedvith thenormalmap
asatexture,andall renderegixelsaremarkedin thestencilbuffer.
Theresultingimageis readbackto mainmemory During this op-
eration,a color matrix canbe usedto mapthe normalsfrom object
spacdnto eye spacewherethe ervironmentmapis speci ed. This
yieldsanimagecontainingeye spacenormalsfor eachvisible pixel.

A secondrenderingpass,in which the 2-dimensionakenviron-
mentmapis appliedasa degenerate8-dimensionatexture,is then
employedto look upthemirror re ection for eachpixel (only pixels
previously marked in the stencilbuffer are considered) Figure 10
shavs someimagesthathave beengeneratedvith thistechnique.

In additionto the mirror term, it is also possibleto add local

Figure10: Examplesfor normal-mappedurfaceswith applieden-
vironmentmaps. In the top row, only the mirror componentsare
shavn. For the bottomrow, Phonglighting hasbeenaddedwith
technigueslescribedn [10].

Phongillumination using additional renderingpasses. Theseal-
gorithmsrequireoperationsfrom the imaging subsetbut no pixel
textures,andarethereforenot describechere. They arediscussed
in detailin [10].

Sphericakervironmentmapsarewidely usedin interactve com-
putergraphics but they have the disadantagethatthey needto be
regeneratedor every new viewing positionand-direction.In [11],
adifferent,parabolicparameterizatiohasbeenintroduced which
doesnot have this disadwantage. Sincethis parameterizatiomlso
usesthe halfway vectorh for the environmentlookup, the same
techniguecanbeappliedto thesemaps.A combinatiorof parabolic
ervironmentmapsand pixel textureswith supportfor projectve
texturing allows oneto apply one ervironmentmapto a normal
mappedsurfacefor all viewing positionsand-directions(adetailed
discussiorof thistopic canbefoundin [10]. Withoutprojective tex-
turing, parabolicervironmentmapscan,like sphericalmaps,only
be usedfor oneviewing direction.

The techniqueddiscussedn this sectionprovide ef cient ways
for applyingervironmentmapsto normalmappedsurfaces.Com-
binedwith techniquegor localillumination, describedn [11], this
allowsfor theef cient implementatiorof normalmappedsurfaces.

7 Discussion

In this papemwe have usedthe SGI pixel textureextensionin anum-
ber of algorithmsfor a variety of differentapplications:hardware-
basedline-integral convolution, shadev mapping, complex fog
modelsandervironmentmappingfor normalmappedsurfaces.

Thesealgorithmspravide ef cient, highqualityimplementations
for problemsn visualizationandrealisticimagesynthesisin addi-
tion to beingvaluablecontritutionson their own, they alsodemon-
stratesometechniquegor usingpixel texturesandthenewv OpenGL
imagingsubsetln thefollowing, wewill discusssomeobsenations
we have madewhile working on thesealgorithms.



Firstly, the OpenGLimaging subsets alsousefulfor mary ap-
plications outsidetraditional image processing. Especiallywhen
combinedwith pixel textures,the color matrix is a powerful way
for transformingpoints and vectorsbetweendifferent coordinate
systems.Lookup tablesandscaling/biasingadditionally allow for
non-linearoperationssuchasthe computationof a Euclideandis-
tance.

Secondly we shouldmentionthe major limitation of pixel tex-
turesin the presentedgcenarios The mostcrucial dravbackstems
from thelimited depthof the availableframebuffers. Whendatais
storedin a pixel texture andrenderednto the frametuffer usually
precisionis lost. For example,if theshadev mapin which z-values
arestoredis mappedanddravn into an 8 Bit display quantization
artifactsarisewhich canbe seerparticularlyat shadev boundaries.
Thesameholdsfor the simulationof realisticfog modelswherethe
exponentialattenuatioris quantizednto a limited numberof bins.
Furthermore the frame buffer depthstrongly determineshe size
of texturesthat can be accessed Effectively, only texturesup to
256x256canbe mappedusing8 Bit displays.

In ourapplicationsve thereforeusedthedeepewisualsprovided
by the Octanegraphicssystem.With 12 bits percomponentthese
quantizationartifactsare alreadysoftenedsigni cantly. Nonethe-
lessfor someapplicationssuchas shadev maps,even deepelvi-
sualswould be bene cial. As a consequenceye seespeci cally
designedrisualsor additionalbufferswith limited functionality but
higherprecisionasone of the dominantfeaturesn future genera-
tion graphicshardvare.

As a nal obsenation, we foundthatthe e xibility of the pixel
texture extensioncould be further improved through two minor
changesn the speci cation. One changeregardsthe supportof
projective textures. By introducinga modethat performsa per
spectve division by the g componentthis importantfeaturecould
be supportedThiswould, for example,openthedoorfor ageneral
shadav mapalgorithmasshavn in Sectiond andview-independent
environmentmaps(Section6), but otherapplicationsarealsopossi-
ble. Of courseit couldbeamguedthata perspectie divide for every
pixel is anexpensve operation put on the otherhandthereareap-
plications,suchasshadw mappingwherethis operatiorhasto be
performedat somepoint. It is thenbetterto have hardwaresupport
for thisinsteadof forcing the userto fall backto software.

The secondchangeregardsthe coupling of image format and
dimensionalityof the pixel texture. We think thattherereally is no
goodreasorfor this. In mary of themethodsve have demonstrated
how the numberof color componentganbe expandedor reduced
throughthe useof color matricesandlookuptables.Thereforeit is
reasonabléo allow pixel textureswith anarbitrarydimensiorto be
usedwith imagesof ary internalformat.

While thesetwo changesvould certainlyhelpto make the pixel
texture extensioneven more pawerful, even the currentspeci ca-
tion hasmary applications.The describedalgorithmsonly shav a
small part of theseapplicationsof pixel textures,but they demon-
stratethe potential of the extensionis for achiezing high quality;
high performanceenderingsWe believe thatpixel texturesshould
becomeastandardcomponenof thegraphicgipeline,andthatthis
extensionshouldbecomepartof the OpenGLstandard.
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