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Abstract

We presenta simplemethodto renderfields of grass,animatedin thewind, in real-time Thetechniqueemploys
vertex shades to renderdisplacemenmapswith Russian-dolktyletranspaent shells.Animationis achievedby
translatingthe surfaceaccouing to a local wind vectorwhile preservingthe lengthof the bladesof grass.This
techniqueachievescorvincingresultson currentconsumegraphicshardware andcanbe appliedto othersimilar

surfacessud ashair andfur.

Categories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Introduction

Therealisticrepresentationf outdoorsceness acontinuing
problemin computergraphics Real-timecomputemgraphics
hasoftenrelied on being"indoors" — usinglarge occluding
walls to facilitate detailedrenderingsOutdoorapplications
have traditionally usedvery sparsegeometryto describethe
landscapeoften greatlyimpactingits believability. In these
systemsafield of grasscouldbereducedo asingletexture.

High performanceonsumercomputemgraphicshardware
hasallowedfor thedisplayof complex detailednaturalphe-
nomena,suchasthe fur on a bunry3, at interactve frame
rates.However, this work hasnot yet beenable to effec-
tively animatethe hair or grassdisplayed.Our work con-
tinuesin this tradition, while usingdisplacemenmapsand
vertex shadergo leveragecurrentconsumetevel computer
graphicshardwarefor theanimationof complex naturalphe-
nomena.

Ourgrasss composeaf transparenshells Jayeredabore
thelandscapeTheverticesof theseshellsaremovedin real-
time to createthe animation.Control of the animationdi-
rection,in responseo a simulatedwind field, is maintained
atthe vertex level. At eachtime step,eachvertex is moved
in accordancewith the local wind directiona distancede-
terminedby a global intensityfunction. Thewind direction
is storedat the vertex level allowing for arbitrarily accurate
wind movementover a landscapeand arbitrarily comple
wind patternsVerticesaredivided into groupsthatusedif-
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Figure 1: A grassyknoll.

ferentintensityvaluesfacilitating advancedglobalwind ef-
fectssuchaswavesacrosghelandscapeattenuationn wind
intensityor evenwhirlwinds.

2. Related Work

Volumerenderingechniquehave beenappliedto the prob-
lem of displayingfinely detailedsurfacesfor mary years.
Kajiya andKay? proposedisingvolumetrictexturesto ren-
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derfurry surfaces Adding complex geometriesuchasgrass
or fur to a scenecangreatlyimprove its visual impact, but
muchrealismis lost if thesegeometrieglo not move in an
appropriatevay. Neyret producedexcellentresultsby ani-
matingthetexture volumes,insteadof the geometrieshem-
selwes. This work wasaimedat improving the performance
of ray-tracingprogramsandnot directly applicableto inter-
active applications.

Now that hardware exists to rendervolumetric textures
in real-time,even at a consumeievel, work hasbeendone
with respecto renderingcomplex phenomenauchasgrass
or fur in real-time.Lengye?P produceda very corvincing
furry bunry using several levels of detail, someof which
includedvolumetric textures.However, this techniquewas
very memoryintensie andnot suitablefor animation.Sub-
sequentwork® alleviated the memory requirementssome-
what, but animationhasnotbeenaddressed.

Meyer and Neyref’ discussvolume visualization us-
ing transparenslicescomposedf textured polygons,and
achieve interactve framerates.They mentionthat the ani-
mationtechniqueslescribedy Neyret couldbe appliedas
well. In their system,a separatdexture is storedfor each
slice,which canleadto memoryissues.

The displacemeninapswe useare patternedafter those
Kautz and Seide? who built upon the work of Dietricht.
Thistechniquas extremelymemoryefficientbecausé gen-
eratesa texture volumefrom a singletwo-dimensionatex-
ture. Regrettably their techniqueto generateshellsin arbi-
trary slicing directionsis not applicableheredueto the high
frequeng datacontainedn the grasstextures.We arelim-
ited to shellsparallelto the models surface.Shellsperpen-
dicular to the surface samplethe basetexture in one pixel
wide stripsandwould missa large proportionof the blades
of grass.Kautz and Seideldo not addresghe animationof
thevolume.

PerbetandCanP do discussanimationof volumetrictex-
turesto producerealisticgrassin thewind. Their slicesare
perpendiculato the grounds surface,andthustheir system
is bettersuitedto low views, closeto the ground.They pre-
computea numberof posturesfor eachtype of grassand
sendinformation to eachblade regardingwhich direction
to face,andwhich postureto assumeThe two-dimensional
texturesfor the slices are then computedfrom this infor-
mation.Having datato controlthe motion of eachbladeof
grassallows for somevery detailedanimationsbut results
in a performancepenalty This algorithmis dependenbn
the numberof bladesof grassin ascenelt would seemthat
a large amountof texture memoryis alsorequired,aseach
sliceusesa uniquetexture.

Our techniqueis suitablefor viewing from above, asin
aflight simulator or for walking in relatively shortgrass.lt
is fast,andbecausenimationdatais interpolatedbetween
verticesof the basemesh fields of grasscanbe arbitrarily

denseOurtechniquas memoryefficient,asall theshelltex-
turesaregenerate@srequiredfrom onebasetexture.Lastly,
our technigueincorporatesvertex shadersavailable on cur
rent consumemradegraphicshardware to further increase
speed.

3. Approach

Thegrassis rendereadhroughRussian-dolktyle transparent
shells. Several copiesof the baseterrain meshare "grown

Figure 2: Shellsare extrudedalong the normalsabove the
basemesh.

out" by displacingtheverticesalongtheir associatedurface
normalsin avertex shaderTheshellsaretransparengxcept
wherea bladeof grassintersectsthem. At thesepoints, a
crosssectionof the bladeis containedwithin the texture.
A single texture is usedto generateall the shell textures,
encodingthe "height" of thegrassin thealphachannel.The
groundhasno heightandthusall groundtexelsin thetexture
have analphavalue of zero.Texelsrepresentinggrasshave
non-zeraalphavaluesdependingntheir respectre heights,

Figure 3: TheGrassTexture Map with AlphaChannel

up to a maximumof 255. As we seein Figure3, the white
"dots" in the alphachannelof the texture map correspond
to the greendotsrepresenting cross-sectiomf a bladeof
grass.

Theshellsarerenderedn bottomto top order We enable
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Figure 4: Closeview of grassrendeedwith 16 shells.

the alphatestandsetthe alphacomparevalueto the shell’s
height before drawing eachshell. The first shell, the base
groundmesh s composedf all thetexelsin the texture,so
the alphacomparevalueis setto zero (with the alphatest
methodsetto greaterthan or equal).Before the rendering
of eachsubsequershellthe alphacomparevalueis setto a
highervalue.For example,if 10 shellswerebeingrendered,
thefirst shell abore the basemeshwould be renderedwith
analphacomparevalueof 255/10= 25. Any bladeof grass
with a heightgreaterthanonetenthof the maximumheight
wouldhave acrosssectionincludedin thatshell'stexture.As
Dietrich! pointsout, a statechangecould be avoidedusing
the alphachannelof the diffuse colour to storethe current
shell heightinsteadof repeatedlychangingthe alphacom-
parevalue.

Animation is implementedby moving eachvertex along
its "wind vector"— a vector storedwith eachvertex. Wind
vectorsarecomputedn a preprocessingtep.

Figure 5. Images RepesentingWind Vectors. The wind
soure is roughlyin the cente of the images. The original

heightmapis shownat left. The X,Y and Z component®f
the vector are mappedto the red, greenand blue compo-
nents,respectivelyof the cente image. Theanimationstep
to which ead vertex belongs,in this caserepresentingits

distancefromthewind source, is shownat right.

There are several ways of generatingappropriatewind
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vectors rangingfrom heuristicsto artistpaintingto a proper
fluid dynamicssimulationof wind maving over alandscape.
Our actualanimationalgorithmwill only considerthe con-
tribution of thiswind vectorthatis perpendiculato thelocal
surfacenormal. This restrictionwould be easyto overcome
with additionalpervertex data,which would, howvever, de-
gradethe performanceslightly.

Fortheexamplesn this papemwe have usedasimplepoint
sourcefor the wind. To createthe wind vectors,we project
thevectorfrom eachvertex to thewind sourceontotheplane
perpendiculato the normalvectorby subtractingirom the
vector its projection onto the normal. The wind vector is
givenby:

Wv:w_(w.m)n

WhereWy is the wind vector at the vertex, W is the vector
from the vertex to thewind sourceandN is thenormalvec-
tor. All vectorsareassumedo benormalized.

Given a wind direction, every vertex is moved alongits
normal vector and alongits wind vector (perpendiculato
the normal vector) every frame. The amountmoved along
thesetwo vectorspreserestheinter-shelldistanceandthus
the length of eachbladeof grass.In the absenceof wind,
the distancebetweenshell vertices(alongthe normal)is a
constantequalto the maximumheightof the grassdivided
by thenumberof shellsrenderedWith theadditionof wind,
andthusvertex movementin adirectionperpendiculato the
normal,we mustpresere this constantinter-shell distance
or bladesof grasswill appearto grow and shrink asthey
animate.Eachblade of grassis composedf sggmentsof
this constaniengththataretilted appropriatelyin thewind.
A windlessmomentwould have all the sgments'tilted" at
zerodegrees,anda momentof maximumwind would have
the final sggmenttilted at 90 degrees.As we maove along
the bladefrom bottomto top, the tilt angleincreasesrom
zero degreesto a maximum of 90 degreesrepresentinga
sggmentmoved into alignmentwith the wind — parallelto
the surfaceof the landscapeWe incrementthe tilt anglea
constantamountbetweenshells. This neednot be so, and
onecould vary the "stiffness"of the grassby changingthis
increment.'Floppy" grasswould doalmostall of its bending
in thefirst few shells,whereasstiff grasswould doits bend-
ing furtherup the stalk. As we seein Figure6, eachsegment
formsthehypotenusef aright angletriangle. Thereforefor
eachshell,theamountto move eachvertex alongits normal
is givenby:

nj= i Scos(i n I>
| = . R
j;) N 2

wherei is the currentshell, | is the currentwind intensity
atthis vertex, Sis theinter-shell distanceandN is thetotal
numberof shellsbeingrendered.

Similarly the amountto move eachvertex alongits wind
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Wind Vector

Normal Vector

w
3

Figure 6: TheLength-PeservingFunctionto Benda Blade
of Grass.This blade of grassis rendeed with four shells,
including the ground. The blade is composedf segments
of constantlength (the hypotenuesesf the right angle tri-
angles)which are tilted in responseo the wind intensity A
shellis createdby moving eadh vertex a distancealong its
normal(n;) andalongits wind vector(w;).

vectoris:

i T
=Y S-sinf —- =1
Wi J;J I<N 5 )
Sincethe shellsaredravn in bottomto top order arunning

total is keptandthe sumsneednot be recalculatedor each
shell. Eachbladeof grassthen,is the sumof its sggments.

Thewind intensitycanberepresentedly ary functionthe
userchoosesFor bestresultsit shouldbe periodic,continu-
ousandvary between1.0and1.0.Valuesoutsidethisrange
would cause'over-bending'in thegrasswhichmayactually
beadesiredeffect.

The final piece of datasentalong with eachvertex is
an integer representingts animation“step”. We divide the
world into segmentsbasedon their distancefrom the wind
source.Bladesof grasscloseto the sourcewill experience
theeffectsof a sudderspike in wind intensitybeforedistant
blades.This allows for a morerealisticanimation— includ-
ing "waves"moving acrosshefield, or attenuatiorof wind
intensity

The verticesaremoved in a vertex shaderValuesrepre-
sentingthe amountof movementalongthe wind vectorand
the normalare storedin registersfor eachof the animation

stepspresentThe shadereferenceshevaluesusingthein-
tegersentwith eachvertex, multipliestheappropriatesector
with eachvalueandandaddstheresultto thevertex position.
This processs repeatedor every shellrenderedThe move-
mentvaluesmustchangeaswe travel up a bladeof grass—
thetip will be affectedby thewind morethanthe basenear
theroot.

Variable Type | Frequeng
S float | once
AnimStep | int pre-process
Normal 4-vec | pre-process
Wind Vector || 4-vec | pre-process
Vertex Pos || 4-vec | eachframe,eachshell,
eachvertex
n;,w;,0 float | eachframe,eachAnimStep,
eachshell
I float | eachframe,eachAnimStep

Table 1: ComputatiorFrequencies

4, Results

Thetestmachinefor thefollowing resultshasa 1.7 GhzIn-
tel Pentiumprocessowith 512 Megabytesof memory The
videocardis a32 MegabyteNVidia Geforce3All testswere
donein 32 bit colourwith a 16 bit Z-buffer. For therender
ing, weusedEAGL, aproprietarygraphicsAPI of Electronic
Arts, Inc., asdescribedy LalondeandSchenk.

Framerate#n this applicationvary dependingn thecov-
erageof thelandscapen the screenThesenumbersepre-
sentnearworst-cas&/alues Frameraténcreasessonepulls
away from the landscapeindicatinga fill-rate limitation to
the method.However, when closeto the landscapeframe
ratealsoincreasesvhensomegeometrycanbe culled. The
screercoverageof thelandscapéor thetestscanbe seenin
Figure?.

Evenatthis stageresultsarevery encouragingAlthough
we have madeno attemptat optimization,we areachieving
real-timeframerateswith convincing animationandvisual
quality. This techniquehasalreadyproven itself useful for
its targetmarket, consumegames.

Resolution
Shells Polygons 640x480 1024x 768
1 512 293.5 130.8
9 4608 47.0 22.8
17 8704 25.6 12.4
33 16896 13.4 6.5
65 33280 6.9 3.3

Table 2: Resultdn FramesPer Second
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Figure 7: SceenCoverage for Bendimarking

Not surprisingly this techniqueis limited by thefill rate
of the graphicshardware. Adding shells,or increasingres-
olution, hasa larger negative impacton performancethan
addinggeometryto thesceneAdding shellsdoes of course,
add geometryas well, and we noted frame rate increases
when some of the geometrycan be culled. As Lengyel
note@, a covering of grassallows for a muchlessdetailed
basemeshthanwould otherwisebe needed.

5. Future Work

Wehave notyetaddresseg@roperlighting of thegrassGrass
is an anisotropicsurface, and significantgainsin realism
couldbeattainedf it werelit assuch.Wearecurrentlywork-
ing on an extensionof our algorithmthatwould allow usto
simulatethis effect.

Currentlythe volumeis sampledor sliced)at regularin-
tenals, but thisis anarbitrarydecision.Futurework will in-
cludeconcentratinghe shellswherethey areneedednost.
Additionally, it maybepossibleo adaptKautz’ work, allow-
ing for shellsperpendiculato the meshsurfacefor viewing
from grazingangles.Similarly, we usea linearrelationship
betweerthe alphavaluein the texture andthe heightof the
grassandthis neednot necessarilyeso.In fact,in the case
of afield of grass,it might make more senseto have finer
controlattheupperendof the heightscale.

Additionally, the two-dimensionaltextures themseles
warrantfurther considerationLower level MIPmapscan-
notbegeneratedrom thetexturesautomaticallyasthehigh
frequeny details of the grasswill becomelost. Custom
MIPmaps,likely retainingrepresentage bladesfrom level
to level, shouldimprove visual quality ata distance Further
in amultiple level of detail setup,it would be adventageous
toreducehenumberof shellsfor far off portionsof theland-
scapehowever doingsoalsoreduceshedensityof thegrass
—the landscapéecomedessgreen.This effect may be di-
minishedby makingthe grassmore denseon texturesthat
will usefewer shells.
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6. Conclusion

Recentadwancesin consumergraphicshardware have al-
lowed for very realistic renderingof natural phenomena.
Computergamesarestartingto emegefrom the seversinto
a lush, natural ervironment. We have presenteca method
thatcananimatedetailed believablefields of grassin real-
time on currentdevices. Our methodis fast, memory effi-
cient and requiresno specialvolume renderinghardvare.
Fields of grassmay be arbitrarily denseand wind patterns
maybearbitrarily complex.
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Figure8: A gustof wind acrosstheprairie. Thesdramesshowa wind gustoriginating on theleft sideof the screenand moving
toward theright sideof the screen.Frameorder: Top Left, Top Right, Middle Left, Middle Right, BottomLeft, BottomRight.
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