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andTextures

DavidS.Ebert

3.1 Introduction

This chapterdescribesmodelingandanimatingproceduraltextures,gases,and liquids. The main thrust
of the chapteris on procedurallymodelingandanimatingvolumedensityfunctionsfor creatingrealistic
imagesandanimationsof gasesand fluids. A volume densityfunction is a three-dimensionalfunction
( ���������
	��
	���� ) thatdefinesthedensityof acontinuousthree-dimensionalspace.By usingvolumerendering
techniques[5], volumedensityfunctionscancreatevolumetricgasesandfluids. Volumedensityfunctions
arethenaturalextensionof solid texturingto describingtheactualgeometryof theobject.

Volumedensityfunctionsarebeingusedextensivelyin computergraphicsfor modelingandanimating
gases,fire, fur, liquids,andother``soft'' objects.I haveusedthemextensivelyfor modelingandanimating
gasessuchassteamandfog [2, 7, 5, 3]. Hypertextures[18], metaballs[22](alsocalledimplicit surfacesand
soft objects),andInakage'sflames[10] areotherexamplesof theuseof volumedensityfunctions.

As mentionedabove,this chapterdescribedhow to modelandanimatevolumetricgases.Therefore,I
shouldfirst explainwhy wewantto modelandanimategasesin computergraphics.Therearetwo reasons.
First, we needgasesfor visual realism. Gasessuchas fog, steam,smoke,andcloudsarea part of our
everydayenvironment.In orderto createrealisticimagesof ourenvironment,thesegasesmustbeincluded.
Bothindoorandoutdoorscenesbenefitfrom theadditionof gases.Therealismandmoodof outdoorscenes,
suchasa dark,drearyforestcanbeincreasedgreatlyby theadditionof elementssuchasfog. Realismof
indoor scenescanalsobeenhancedby the inclusionof steamrising from a cupof coffeeor smokefrom
a fireplace. Second,gasescanbe usedfor artistic effects. As the movie directorusesfog machinesand
similardevicesto setthestageof hisdrama,socanthecomputeranimatorusecomputergeneratedfog (and
othergases)for dramaticeffects.

Therehavebeenseveralpreviousapproachesto modelinggasesin computergraphics.Kajiya, [11], has
usedasimplephysicalapproximationfor theformationandanimationof clouds.Gardner,[8], hasusesolid
texturedhollow ellipsoidsin modelingcloudsandmorerecentlyproducedanimationsof smokerisingfrom
aforestfire [9]. Otherapproachesincludetheuseof heightfields [14], constantdensitymedia[13, 15], and
fractals[21]. Theauthorhasdevelopedseveralapproachesfor modelingandcontrollingtheanimationof
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gases[2, 7, 5, 3, 1]. Recently,Stamhasused̀ `fuzzyblobbies'' asa three-dimensionalmodelfor animating
gaseswith goodresults[20].

Thepurposeof thesenotesis to describemy designapproachfor modeling,rendering,andanimating
gases.Thesenoteswill helpexplainhowmy approachdevelopedandalsoshowthedevelopmentof several
exampleprocedures.

In thediscussionthatfollows,anoverviewof gasrenderingissuesis discussed.Next,abrief description
of the developmentof my approachto modelingand animatinggases,calledsolid spacesis presented,
followed by anin-depthdescriptionof themodelingof thegasesandfluids. Finally, animationtechniques
for solid textures,hypertextures,and gasesare thoroughlydiscussed,including detaileddescriptionsof
severalexampleprocedures.

3.1.1 Overview of the Rendering System

For realisticimagesandanimationsof gases,volumerenderingmustbeperformed.While anyprocedure-
basedvolumerenderingsystemcanbe usedsuchasthe the systemdescribedby Perlin in [18], we will
look at my systemwhich is describedin detail in [5] and [7]. This hybrid renderingsystemusesa fast
scanlinea-bufferrenderingalgorithmfor the surface-definedobjectsin the scene,while volumemodeled
objectsarevolumerendered.The algorithmfirst createsthe a-buffer for a scanlinecontaininga list for
eachpixel of all the fragmentsthat partially or fully cover the pixel. Then for eachvolumethat covers
this scanline,thevolumerenderingis performednext,creatinga-bufferfragmentsfor theseparatesections
of the volumes.Volume renderingceasesoncefull coverageof the pixel by volumeor surfaced-defined
elementsis achieved.Finally, thesevolumea-buffer fragmentsaresortedinto the a-bufferfragmentlist
basedon their averageZ-depthvaluesandthea-bufferfragmentlist is renderedto producethe final color
of the pixel. The renderingsystemfeaturesa physically-basedlow-albedoillumination andatmospheric
attenuationmodelfor thegases.Volumetricshadowsarealsoefficiently combinedinto thesystemthrough
theuseof three-dimensionalshadowtables[4].

3.2 Solid Spaces

3.2.1 Developmentof Solid Spaces

The approachI havetakento modelingandanimatinggasesstartedwith work in solid texturing. Solid
texturingcanbeviewedascreatinga three-dimensionalcolor spacethatsurroundstheobject. Whenyou
applythesolid textureto theobject,you aresimply carvingawaythedefiningspace.I wasexperimenting
with creatinga wide rangeof solid texturefunctions,most of which werebasedon Perlin's turbulence
andnoisefunctions[16] whenhe was askedto producean imageof a butterfly emergingfrom mist or
fog. The ideaof solid texturingmultiple objectcharacteristicswasalreadypartof my renderingsystem.I
decidedto usesolid texturedtransparencyto producelayersof fog/clouds.Thesolid texturingfunctionwas
basedon turbulence,sincethesephenomenaarecreatedthroughturbulentflow. This approachis similar to
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Gardner'sapproach[8]. Thenextextensionwasto useturbulence-basedproceduresto definethedensityof
three-dimensionalvolumesinsteadof controllingthetransparencyof hollow surfaces.As youcansee,the
ideaof usingthree-dimensionalspacesto representobjectattributessuchascolor, transparency,andeven
geometryis emergingasacommonthemein thisprogression.Thesystemfor representingobjectattributes
usingthis ideais termedsolid spaces. Thesolid spaceframeworkencompassestraditionalsolid texturing,
hypertextures,andothertechniqueswithin a unified framework.

3.2.2 What are Solid Spaces

Solidspacesarethree-dimensionalspacesassociatedwith anobjectthatallow for controlof anattributeof
theobject.For instance,in solid texturingthetexturespaceis a solid spaceassociatedwith theobjectthat
definesthecolor of eachpoint in thevolumethat theobjectoccupies.This spacecanbeconsideredto be
associatedwith, or represent,the spaceof the materialfrom which the objectis created(materialspace).
Solid spaceshavemanyusesin describingobjectattributes.For a moredetaileddescriptionof theusesof
solidspaces,pleasesee[2, 4, 5, 7].

3.3 Geometryof the Gases

As mentionedin theintroduction,thegeometryof thegasesis modeledusingturbulentflow basedvolume
densityfunctions.I haveuseda``visualsimulation'' of turbulentflow similarto KenPerlin'sapproach[16].
Thevolumedensityfunctionstakethelocationof thepoint in world space,find it's correspondinglocation
in theturbulencespace(a three-dimensionalspace),andapplytheturbulencefunction.Thevaluereturned
by theturbulencefunctionis usedasthebasisfor thegasdensityandis then``shaped''to simulatethetype
of gasdesiredby usingsimplemathematicalfunctions.(My implementationof noiseandturbulencecanbe
foundin [4].) In thediscussionthat follows, theuseof basicmathematicalfunctionsfor shapingthegasis
describedfollowed by the developmentof severalexampleproceduresfor modelingthe geometryof the
gases.

3.3.1 BasicGasShaping

Severalbasicmathematicalfunctionsareusedto shapethe geometryof the gas. The first of theseis the
power function. Let's look at a simple procedurefor modelinga gasand seethe effectsof the power
function,andotherfunctionson theresultingshapeof thegas.
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basic_ga s(p nt ,de ns it y,p ar ms)
xyz_td pnt;
float *density,* parms;

{
float turb;
int i;
static float pow_table [P OW_TABLE_SIZ E];
static int calcd=1;

if(calcd)
{ calcd=0;

for(i=PO W_TABLE_SI ZE-1; i>=0; i--)
pow_table [i ] = (float)p ow((( doubl e) (i ))/ (P OW_TABLE_SIZ E-1 )*

parms[1]*2 .0 ,(d oubl e)p ar ms[ 2] );
}

turb =fast_turb ul ence( pnt);
*density = pow_tabl e[( in t)( tu rb *(. 5* (POW_TABLE_SIZE -1 )) )];

}

This proceduretakesasinput the locationof the point beingrenderedin the solid space,����� , anda
parameterarrayof floating point numbers,�����	��
 . Thereturnedvalueis thedensityof thegas. �

�
�	��
������

is the maximumdensityvalue for the gaswith a rangeof 0.0 to 1.0, and ��������
����	� is the exponentfor
the powerfunction. The ���

�� ������������� ��!�� functioncalledin the aboveprocedureis simply an optimized
versionof theturbulencefunctiondescribedin Chapter2 of thesecoursenotes.Figure1 showstheeffects
of changingthe powerexponent,with ���
�	��
��"���$#&%('�)�* . As you cansee,the greaterthe exponent,the
greaterthe contrastanddefinition to the gasplumeshape.With the exponentat 1 thereis a continuous
variation in the densityof the gas;whereas,with the exponentat 2, it appearsto be separateindividual
plumesof gas.Sodependingon the type of gasyou aretrying to model,you canchoosethe appropriate
exponentvalue. This procedurealsoshowshow precalculatedtablescan increasethe efficiency of the
procedures.The ��+	, �����������-� array is calculatedonceper imageandassumesthat the maximumdensity
value,���
�	��
��"��� , is constantfor eachgivenimage.A tablesizeof 10,000shouldbesufficientfor producing
accurateimages.This table is usedto limit the numberof ��+�, function calls. If the following straight
forward implementationwasused,a power function call would be neededper volumedensityfunction
evaluation:

*density = (float) pow((doub le) tu rb* parms [1 ],( doubl e) par ms[2] );

Assuminganimagesizeof 640x480,with 100volumesamplesperpixel, theuseof theprecomputedtable
saves30,710,000��+�, functioncalls.

Anotherusefulmathematicalfunction is the sinefunction. Perlin [16] usesthe sinefunction in solid
texturing to createmarble,which will be describedin a later section. This function canalsobe usedin
shapinggases.This canbeaccomplishedby makingthefollowing changeto thebasicgasfunction:

turb =(1.0 +sin(fast_ tu rbu le nce (p nt) *M_PI *5 ))* .5 ;
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Thesinefunctionhasa similar effectasin its usefor marble:theabovechangecreates̀`veins'' in the
shapeof thegas.As youcanseefrom thesesimpleexamples,it is very easyto shapethegasusingsimple
mathematicalfunctions.Next,we'll seehowto producemorecomplexshapesin thegas.

3.3.2 SteamRising From a Teacup

The goal is the to createa realistic imageof steamrising from a teacup. The first step is to placea
``slab'' [12] of volumegasover the teacup.(Any raytracablesolid canbeusedfor definingthe extentof
the volume.) Sincesteamis not a very thick gas,a maximumdensityvalueof 0.57will be usedwith an
exponentof 6.0for thepowerfunction.Theresultingimagecanbeseenin Figure6(a).This wasproduced
from theabove����


�

! ���

 procedure.
The imagecreated,however,doesnot look like steamrising from a teacup.First of all, the steamis

not confinedto beonly aboveandoverthecup.Secondly,thesteam'sdensitydoesnotdecreaseasit rises.
Theseproblemscanbeeasilycorrected.First, rampoff the densitysphericallyfrom thecenterof the top
of thecoffee.This will makethesteambeonly within theradiusof thecupandwill makethesteamrise
higheroverthecenterof thecup.Thefollowing additionto thebasicgasprocedurewill accomplishthis:

steam_sl ab1(p nt, pnt_worl d, density,p arms, vol)
xyz_td pnt, pnt_worl d;
float *density ,*p ar ms;
vol_td vol;

{
float turb;
int i;
xyz_td distance;
static float pow_table [P OW_TABLE_SIZ E], ramp[RAMP_SIZ E] ;
static int calcd=1;

if(calcd)
{ calcd=0;

for(i=PO W_TABLE_SI ZE-1; i>=0; i--)
pow_table[ i] = (float)po w(( (d oub le )( i)) /( POW_TABLE_SI ZE- 1) *

parms[1] *2. 0, (do uble )pa rms[2 ]) ;
make_ramp_t able (ra mp);

}
turb =fast_turb ul ence( pnt);
*density = pow_tabl e[( in t)( tu rb *0. 5* (POW_TABLE_SIZE -1 )) ];

/* determin e distance from center of the slab ^2. */
XYZ_SUB(di ff ,vo l. sh ape.c ent er , pnt_world) ;
dist_sq = DOT_XYZ(diff ,d iff );
density_ma x = dist_sq* vo l.s hape.in v_ rad _s q. y;
indx = (int)((pnt .x +pnt. y+p nt .z )*1 00) & (OFFSET_SIZ E -1);
density_ma x += parms[3]* off se t[ ind x] ;

if(density _max >= .25) /* ramp off if > 25% from center */
{ i = (density_ max -.25)*4/ 3* RAMP_SIZ E; /* get table index 0:RAMP_SIZE-1 */

i=MIN(i, RAMP_SI ZE- 1) ;
density_ max = ramp[i];
*density *=density _max;

}
}

make_ramp_t able( ra mp)
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float *ramp;
{

int i;
float dist, result;

for(i = 0; i < RAMP_SIZE; i++)
{ dist =i/(RAMP _SIZE -1.0);

ramp[i]= (co s( di st* M_PI) +1.0)/2. 0;
}

}

To achievethe more realistic image,severaladditionalparametersare usedin the new procedure:
����� , +	�	� � and ��+	� . ����� , +	�	� � is the locationof the point in world space. �
+	� is a structurecontaining
informationon the volume being rendered.The following table will help clarify the useof the various
variables:

Variable Description

pnt locationof thepoint in thesolid texturespace
pnt world locationof thepoint in world space
density thevaluereturnedfrom thefunction
parms[1] maximumdensityof thegas
parms[2] exponentfor thepowerfunctionfor gasshaping
parms[3] amountof randomnessto usein fall off
vol.shape.center centerof thevolume
vol.shape.invrad sq 1/radiussquaredof theslab
dist sq point's distancesquaredfrom thecenterof thevolume
densitymax densityscalingfactorbasedon

distancesquaredfrom thecenter
indx anindexinto a randomnumbertable
offset a precomputedtableof randomnumbersused

to addnoiseto therampoff of thedensity
ramp a tableusedfor cosinefalloff of thedensityvalues

The procedurenow rampsoff the densitysphericallyusinga cosinefalloff function. If the distance
from thecentersquaredis greaterthan25%,thecosinefalloff is applied.Theresultingimagecanbeseen
in Figure6(b).

Second,we needto rampoff thedensityasit risesto geta morenaturallook. Thefollowing addition
will accomplishthis:

dist = pnt_worl d. y - vol.shap e.c ente r.y ;
if(dist > 0.0)

{ dist = (dist +offset[in dx ]*. 1) *v ol. sh ape.i nv _ra d. y;
if(dist > .05)

{ offset2 = (dist -.05)*1.11 1111;
offset2 = 1 - (exp(offse t2 )- 1.0 )/ 1.7 18282;
offset2 *=parms[ 1];
*density *= offset;

}
}

This procedureusesthe �

�

function to decreasethe densityas the gasrises. If the vertical distance
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abovethecenteris greaterthan5% of the total distance,thedensityis exponentiallyrampedoff to 0. The
resultsof this additionto the aboveprocedurecanbeseenin Figure7. As you canseein this image,the
resultingsteamis veryconvincing.In a latersectionanimationeffectsusingthis basicsteammodelwill be
presented.

3.3.3 A SingleColumn of Smoke

The final exampleprocedurethat I will describecreatesa singlecolumnof rising smoke.For this smoke
column,thebasisis a verticalcylinder. By deformingthis shape,we cancreatea realisticsmokecolumn.
Theobviousvisualcharacteristicsof asmokecolumnarethatis it dispersesasit risesandthatit is initially
smoothandbecomesmoreturbulentasit rises.Turbulencecanbeaddedto thecylinder'scenterto makea
morenaturallookingsmokecolumn.To simulateturbulenteffectandair currents,theamountof turbulence
is increasedasa function of the heightof the smokecolumn. Also, you needto decreasethe densityas
a function of height to help simulatethe dispersion.Theseideas,which are similar to the steamrising
procedure,areonly thestartto a realisticcolumnof smoke.Theshapealsoneedsto bebentandswirledas
thesmokerises.This canbeachievedby usinga verticalhelix to displaceeachpointbeforecalculatingits
distancefrom thecenterof thecylinder.A moredetaileddescriptionof this procedurecanbefoundin [4].

3.4 Animating Solid Spaces

Now that you haveseenhow to model the geometryof the gases,a discussionof animatingthesegas
proceduresandothersolidspaceprocedureswill bepresented.Thereareseveralwaysthatsolidspacescan
beanimated.Thesenoteswill considertwo approaches:

Changingthesolidspaceovertime.

Moving thepointbeingrenderedthroughthesolidspace.

Thefirst approachhastime asa parameterwhich changesthedefinitionof thespaceovertime.This is
a verynaturalandobviousway to animateproceduraltechniques.

The secondapproachis to not changethe solid space,but actuallymovethe point in the volumeor
objectover time throughthe space.The movementof the gas(solid texture,hypertexture)is createdby
movingthefixed three-dimensionalscreenspacepointalongapathovertimethroughtheturbulencespace
beforeevaluatingtheturbulencefunction.Eachthree-dimensionalscreenspacepoint is inverselymapped
backto world space.Thenfrom world space,it is mappedinto thegasandturbulencespacethroughtheuse
of simpleaffine transformations.Finally, it is movedthroughtheturbulencespaceover time to createthe
movement.Therefore,thepathdirectionwill havethereversevisualeffect.For example,a downwardpath
appliedto thescreenspacepointwill showthetextureor volumeobjectrising.

Bothof thesetechniquescanbeappliedto solid texturing,gases,andhypertextures.Theapplicationof
thesetechniquesto solid texturingwill bediscussedfirst, followed by theuseof thesetechniquesfor gas
animation,andfinally, theuseof thesetechniquesfor hypertextures,includingliquids andfire.
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3.5 Animating Solid Textures

The previoussectiondescribedtwo animationapproaches.This sectionwill showhow theseapproaches
canbeusedfor solid texturing.Theuseof thesetwo approachesfor color solid texturingwill bepresented
first, followedby a discussionof theseapproachesfor solid texturedtransparency.

Theexampleto beusedfor describingthe animationof color solid texturingis a marblefunction. A
simplemarblefunctionis givenbelow.

rgb_td marble(pn t)
xyz_td pnt;

{
float y;

y = pnt.y + 3.0*turbul ence( pnt, .0125);
y = sin(y*M_ PI) ;
return (marble_co lo r(x )) ;

}

rgb_td marble_co lo r( x)
float x;

{
rgb_td clr;

x = sqrt(x+1.0 )* .7 071;
clr.g = .30 + .8*x;
x=sqrt(x) ;
clr.r = .30 + .6*x;
clr.b = .60 + .4*x;
return (clr);

}

This functionappliesa sinefunctionto the turbulenceof thepoint. Theresultingvalueis thenusedto
determinethecolor.Theresultsachievableby thisprocedurecanbeseenin Figure3(d).

Theapplicationof theabovetwo animationapproachesto this functionwill haveverydifferenteffects.
Whenthefirst approachis used,changingthesolid spaceover time, theformationof marblefrom banded
rockcanbeachieved.Initially, noturbulenceis addedto thepoint,sowehavethesinefunctiondetermining
thecolor. This producesbandedmaterial.As theframenumberincreases,theamountof turbulenceadded
to thepoint is increased,deformingthebandsinto themarbleveinpattern.Theresultingprocedureis given
below.

rgb_td marble_fo rmin g(p nt , frame_nu m, start_fra me, end_fram e)
xyz_td pnt;
int frame_num, start_fr ame, end_frame;

{
float x, turb_per ce nt, displace ment;

if(frame_n um < start_fra me)
{ turb_perce nt =0;

displaceme nt =0;
}

else if (frame_nu m >= end_frame)
{ turb_perc ent= 1;

displacem ent= 3;
}
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else
{ turb_perc ent= ((float)( fr ame_num-st ar t_f ra me))/ (end_fram e- st art _f rame) ;

displacem ent = 3*turb_p er cen t;
}

x = pnt.x + turb_perce nt *3. 0* tu rbu le nce (p nt , .0125) - displacem ent;
x = sin(x*M_ PI) ;
return (marble_co lo r(x )) ;

}

The �

�


 �����
!�� ��� ��� valuein theaboveprocedureis usedto stoptheentiretexturefrom moving.Without
the �

�


 ������!�� ��� ��� value,theentirebandedpatternmoveshorizontallyto the left of the image,insteadof
theveinsforming in place.Therealismof this effectcanbeincreasedin severalways.First of all, ease-in
andease-outof the rateof turbulenceadditionwill give morenaturalmotion. Secondly,the color of the
marblecanbe changedto simulateheatingbeforeandwhile the bandsbegin to deformand to simulate
coolingafterthedeformation.Thiscanbeachievedby thefollowing additions:

rgb_td marble_fo rmin g2( pnt, frame_num , start_fr ame, end_frame , heat_len gt h)
xyz_td pnt;
int frame_num, start_fr ame, end_frame, heat_len gth ;

{
float x, turb_perc ent , displaceme nt , glow_perce nt ;
rgb_td m_color;

if(frame_ num < (start_f rame- heat_ le ngt h/ 2) ||
frame_nu m > end_fram e+heat_ len gt h/2 )

glow_perc ent =0;
else if (frame_n um < start_fra me + heat_lengt h/ 2)

glow_perc ent = 1.0 - ease( ((start_fr ame+heat_ len gt h/ 2-f ra me_num))/
heat_lengt h) ,0. 4, 0.6 );

else if (frame_n um > end_frame -he at _le ngth /2)
glow_perc ent = ease( ((frame_n um-(e nd_f rame- heat_ le ngt h/ 2)) /

heat_len gt h), 0. 4, 0.6 );
else

glow_per cen t= 1. 0;

if(frame_n um < start_fra me)
{ turb_perce nt =0;

displaceme nt =0;
}

else if (frame_nu m >= end_frame)
{ turb_perc ent= 1;

displacem ent= 3;
}

else
{ turb_perc ent= ((float)( fr ame_num-st ar t_f ra me))/ (e nd_fr ame-s ta rt_ fr ame);

turb_perc ent= eas e( tur b_perce nt , 0.3, 0.7);
displacem ent = 3*turb_p er cen t;

}

x = pnt.y + turb_perce nt *3. 0* tu rbu le nce (p nt , .0125) - displacem ent;
x = sin(x*M_ PI) ;
m_color=ma rb le_ co lo r(x );
glow_perce nt = .5* glow_perc ent;
m_color.r= glow_per cen t* (1. 0) + (1-glow_pe rc ent )* m_col or .r;
m_color.g= glow_per cen t* (0. 4) + (1-glow_pe rc ent )* m_col or .g;
m_color.b= glow_per cen t* (0. 8) + (1-glow_pe rc ent )* m_col or .b;
return(m_c ol or) ;

}
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The resultingimagescanbe seenin Figure3. Of coursethe resultingsequencewould beevenmore
realisticif thematerialactuallydeformed,insteadof thecolorsimplychanging.Thiseffectwill bedescribed
in a latersection.

A different effect canbe achievedby the secondanimationapproach,moving the point throughthe
solid space.The procedurebelow movesthe point alonga helical pathbeforeevaluatingthe turbulence
function.This producestheeffectof themarblepatternmoving throughtheobject.This techniquecanbe
usedby adesignerin determiningtheportionof marbleto ``cut'' his/herobjectfrom in orderto achievethe
mostpleasingveinpatterns.

rgb_td moving_ma rb le (pn t, frame_num )
xyz_td pnt;
int frame_num;

{
float x, tmp, tmp2;
static float down, theta, sin_thet a, cos_theta ;
xyz_td hel_path, directio n;
static int calcd=1;

if(calcd)
{ theta =(frame_ num%SWIRL_FRAMES) *SWIR L_AMOUNT; /* swirling effect */

cos_theta = RAD1 * cos(theta) + 0.5;
sin_theta = RAD2 * sin(theta) - 2.0;
down = (float)fra me_num*DOWN_AMOUNT+2. 0;
calcd=0;

}
tmp = fast_noise (p nt) ; /* add some randomness */
tmp2 = tmp*1.75;

/* calculat e the helical path */
hel_path. y = cos_thet a2 + tmp;
hel_path. x = (- down) + tmp2;
hel_path. z = sin_thet a2 - tmp2;
XYZ_ADD(dir ect io n, pnt, hel_path) ;

x = pnt.y + 3.0*turbul ence( di re cti on, .0125);
x = sin(x*M_ PI) ;
return (marble_co lo r(x )) ;

}

In the aboveprocedure,
��������� 	���
���
��

# � ��� and
��������� 
����������

# �����! 
� �"� . This
producesthe pathswirling every126 frames. #

�$��� 
����������

# % '�%�%�%�) andcontrolsthe speedof
thedownwardmovementalongthehelicalpath.

��


#

� and
��


#

� arethey andz radii of thehelicalpath.

3.5.1 Animating Solid Textured Transparency

The previoussectiondescribedtwo different ways that solid spacefunctionscan be animatedfor color
solid texturingandtheresultsachievableby both techniques.This sectiondescribestheuseof animation
techniquesfor solid texturedtransparency.

The animationtechniqueof moving the point through the solid spacewas my original animation
technique.The resultsof this techniqueappliedto solid texturedtransparencycan be seenin [1]. The
following procedure,which is similar in animationtechniquesto the above ��+ �

�

� � ���
�	����� procedure,
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producesfog moving throughthe surfaceof an object. Again, a downwardhelical path is usedfor the
movementthroughthespace.This producesanupwardswirling to thegasmovement.

void fog(pnt, *tr ansp , frame_nu m)
xyz_td pnt;
float *transp;
int frame_num

{
float tmp;
xyz_td direction, cy l;
double theta;

pnt.x += 2.0 +turbulen ce (pn t, .1);
tmp = noise_it( pnt) ;
pnt.y += 4+tmp;
pnt.z += -2 - tmp;

theta =(frame_n um%SWIRL_FRAMES) *SWIR L_AMOUNT;
cyl.x =RAD1 * cos(thet a) ;
cyl.z =RAD2 * sin(thet a) ;

direction. x = pnt.x + cyl.x;
direction. y = pnt.y - frame_num *DOWN_AMOUNT;
direction. z = pnt.z + cyl.z;

*transp = turbulenc e(d ir ect io n, .015);
*transp = (1.0 -(*transp )*( *t ra nsp )* .27 5) ;
*transp =(*transp )* (*t ra nsp )* (* tra ns p);

}

A still of thisprocedureappliedto acubecanbeseenin Figure2. Fortheseimages,thefollowing values
wereused: #

�$��� 
����������

# % ' %�%�%�) ,
��������� 	���
���
��

# � ��� , and
��������� 
�������� �

#

�����! 
� �"� ,
��


#

� # %('"� � , and
��


#

� # % '�%

�

.This techniqueis similar to Gardner'stechniquefor
producingimagesof clouds[8], exceptthatit usesturbulenceto controlthetransparencyinsteadof Fourier
synthesis.

3.6 Animation of GaseousVolumes

Asdescribedin aprevioussection,themovementof thegasiscreatedbymovingthefixedthree-dimensional
screenspacepoint alonga pathover time throughthe turbulencespacebeforeevaluatingthe turbulence
function. Eachthree-dimensionalscreenspacepoint is inverselymappedbackto world space.Thenfrom
world space,it is mappedinto thegasandturbulencespacethroughtheuseof simpleaffinetransformations.
Finally, it is movedthroughtheturbulencespaceover time to createthemovementof thegas.Therefore,
thepathdirectionwill havethereversevisualeffect. For example,a downwardpathappliedto thescreen
spacepointwill showthegasasrising.

Severalinterestinganimationeffectscanbe achievedthroughthe useof simplehelical pathsfor the
movementthroughthesolidspace.A discussionof theseeffectsis presentedfirst, followedby adiscussion
of theuseof three-dimensionaltablesfor controllingthegasmovement.Finally,severaladditionalprimitive
functionsfor creatinggasanimationwill bepresented.Thesecondanimationtechnique,movingthepoint
throughthegasspace,is usedin all theproceduresin this section.
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Helical Path Effects

As mentionedabove,helical pathscan be usedto createseveraldifferent animationeffects for gases.
Earlierin thesenotes,a procedurefor producinga still imageof steamrising from a teacupwasdescribed.
This procedurecanbemodified to produceconvincinganimationsof steamrising from the teacupby the
additionof helicalpathsfor motion. Themodificationneededis givenbelow. This is thesametechnique
thatwasusedin themoving marblefunction.

steam_movin g( pnt , pnt_world, density, par ms, vol)
xyz_td pnt, pnt_worl d;
float *density ,*p ar ms;
vol_td vol;

{
float tmp,turb, dist_sq, density_m ax , offset2, theta, dist;
static float ramp[RAMP_SIZE ];
extern float offset[OF FSET_SI ZE];
extern int frame_nu m;
xyz_td direction, diff;
int i, indx;
static float pow_table [P OW_TABLE_SIZ E];
static int calcd=1;
static float down, cos_theta2 , sin_theta2 ;

if(calcd)
{ calcd=0;

/* determine how to move the point through the space (helical path) */
theta =(frame_n um%SWIRL _FRAMES)* SWIRL;
down = (float)f rame_num*DOWN*3.0 +4.0;
cos_thet a2 = RAD1*cos(t heta ) +2.0;
sin_thet a2 = RAD2*sin(t heta ) -2.0;

for(i=PO W_TABLE_SI ZE-1; i>=0; i--)
pow_table[ i] = (float)po w(( (d oub le )( i)) /( POW_TABLE_SI ZE- 1) *

parms[1]* 2.0 ,( doubl e) par ms[2 ]);
make_ramp_t able (ra mp);

}

tmp = fast_nois e( pnt);
direction. x = pnt.x + cos_theta 2 +tmp;
direction. y = pnt.y - down + tmp;
direction. z = pnt.z +sin_thet a2 +tmp;

turb =fast_turb ul ence( di rec ti on);
*density = pow_tabl e[( in t)( tu rb *0. 5* (POW_TABLE_SIZE -1 )) ];

/* determin e distance from center of the slab ^2. */
XYZ_SUB(di ff ,vo l. sh ape.c ent er , pnt_world) ;
dist_sq = DOT_XYZ(diff ,d iff );
density_ma x = dist_sq* vo l.s hape.in v_ rad _s q. y;
indx = (int)((pnt .x +pnt. y+p nt .z )*1 00) & (OFFSET_SIZ E -1);
density_ma x += parms[3]* off se t[ ind x] ;

if(density _max >= .25) /* ramp off if > 25% from center */
{ i = (density_ max -.25)*4/ 3* RAMP_SIZ E; /* get table index 0:RAMP_SIZE-1 */

i=MIN(i, RAMP_SI ZE- 1) ;
density_ max = ramp[i];
*density *=density _max;

}

/* ramp it off verticall y */

3-12



dist = pnt_world. y - vol.shap e. cen te r.y ;
if(dist > 0.0)

{ dist = (dist +offset[in dx ]* .1) *v ol. sh ape.i nv _ra d. y;
if(dist > .05)

{ offset2 = (dist -.05)*1.11 1111;
offset2 = 1 - (exp(offs et2 )- 1.0 )/ 1. 718282;
offset2*= parms[1 ];
*density *= offset2;

}
}

}

This function createsupwardswirling movementin the gas,which swirls around360 degreesevery
SWIRL FRAMES frames. Noiseis appliedto the pathso that it appearsmorerandom.The parameters
RAD1 andRAD2 determinetheelliptical shapeof theswirling path.

A downwardhelicalpaththroughthegasspaceproducestheeffectof thegasrisingandswirling in the
oppositedirection. Thesametechniquecanbeusedto produceanimationsof fog developingandrolling
by. A horizontalhelicalpathcreatesthemovementof thegas.A descriptionof thiscanbefoundin [5].

For morerealisticsteammotion,a simulationof air currentsis helpful. This canbeapproximatedby
addingturbulenceto the helical path. Theamountof turbulenceaddedwill be proportionalto the height
abovetheteacupwith no turbulenceaddedat thesurface.

As shownabove,a wide variety of effectscan be achievedthroughthe useof helical paths. This
requiresthesametypeof pathbeingusedfor movementthroughouttheentirevolumeof gas.Obviously,
morecomplexmotioncanbeachievedby havingdifferentmovementpathsfor different locationswithin
thegas.A three-dimensionaltablespecifyingdifferentproceduresfor differentlocationswithin thevolume
createsa flexible methodfor creatingcomplexmotionin thismanner.

3.6.1 Three-dimensionaltables

Theuseof three-dimensionaltables(solid spaces)to control theanimationof thegasesis anextensionto
my previoususeof solidspacesin whichthree-dimensionaltableswereusedfor volumeshadowingeffects
[5].

Thethree-dimensionaltablesarehandledin the following manner:thetablesurroundsthegasvolume
in world spaceandvaluesarestoredat eachof the lattice pointsin the table. Thesevaluesrepresentthe
calculatedvaluesfor thatspecificlocationin thevolume.To determinethevaluesfor otherlocationsin the
volume,theeighttableentriesforming theparallelepipedsurroundingthepoint areinterpolated.

Therearetwo typesof tablesfor controllingthemotionof thegases:vectorfield tablesandfunctional
flow field tables.Thevectorfield tableswill notbedescribedin detailin thesenotes.A thoroughdescription
of their useandmeritscanbefound in [7]. Thevectorfield tablesstoredirectionvectors,densityscaling
factors,andother informationfor their useat eachpoint in the lattice. Thus, thesetablesaresuitedfor
visualizingcomputationalfluid dynamicssimulationsor usingexternalprogramsfor controlling the gas
movement[6].
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The flow field functionandvectorfield tablesareincorporatedinto the volumedensityfunctionsfor
controlling the shapeand movementof the gas. Eachvolume density function hasa default path and
velocityfor thegasmovement.First, thedefaultpathandvelocityarecalculated,thenthevectorfield tables
areevaluatedandfunctionsthatcalculatedirectionvectors,densityscalingfactors,etc.,from thefunctional
flow field tablesareapplied.Thedefaultpathvector,thevectorfrom thevectorfield table,andthevector
from theflow field functionarecombinedto producethenewpathfor thegas.

3.6.2 AccessingThe Table Entries

For accessingvaluesfrom thesetablesduring rendering,the locationof thesamplepoint within the table
is determined.The valuesat the eight points forming the surroundingparallelepipedare interpolatedto
determinethefinal value.Thelocationwithin thetableis determinedby first mappingthethree-dimensional
screenspacepoint backinto world space,theninto the three-dimensionaltable.Thefollowing formula is
thenusedto find thelocationof thepointwithin thetable(� ��������� ), giventhepoint in world space(��+
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������ � is thelocationin world spaceof thestartingtableentryand ���������

�

��� 
�� � � is theinverse
of thestepsizebetweentableelementsin eachdimension.Oncethelocationwithin thetableis determined,
thevaluescorrespondingto theeightsurroundingtableentriesaretheninterpolated(tri-linear interpolation
is normallysufficient).

3.6.3 Functional Flow Field Tables

Thetypeof tabledescribedin thesenotesto controlthegasmovementis thefunctionalflow field table.The
major useof thesefunctionalflow field tablesis for choreographedanimationof the gases.Thesetables
define,for eachregionof thegas,whichfunctionto evaluateto controlits movement.Eachflow field table
entrycaneithercontainonespecificfunctionto evaluate,or a list of functionsto evaluateto determinethe
pathfor themovementof thegas(paththroughthegasspace).For eachfunction,a file is specifiedwhich
containsthe type of functionandparametersfor that function. The functionsevaluatedby the flow field
tablesreturnthefollowing information:

Flow Field FunctionValues

- directionvector
- densityscalingvalue
- percentof vectorto use
- velocity

Theadvantageof the flow field functionsover the vectorfield tablesis that theycanprovideinfinite
detail in the motion of the gas; they areevaluatedfor eachpoint that is volumerendered,not storedat

3-14



fixed resolution.Thedisadvantageof the functionalflow field tablesis that the functionsaremuchmore
expensiveto evaluatethansimply interpolatingvaluesfrom thevectorfield table.

The``percentof vectorto use'' valuein theabovetableis usedto providea smoothtransitionbetween
controlof thegasmovementby theflow field functions,thevectorfield tables,andthedefaultpathof the
gas.This valueis alsousedto allow a smoothtransitionbetweencontrolof thegasby differentflow field
functions. This valuewill decreaseasyou moveawayfrom the centerof control for a given flow field
function.

3.6.4 Functional Flow Field Functions

Two powerful typesof functionsfor controlling the movementof the gasesareattractors/repulsorsand
vortex functions.Repulsorsarethe exactoppositeof attractors,so only attractorswill bedescribedhere.
To createarepulsorfrom anattractor,simply negatethedirectionvector.

Attractors

Attractorsareprimitive functionsthatcanprovideawiderangeof effects.Figure4 showsseveralframesof
anattractorwhoseattractionincreasesin strengthovertime. Eachattractorhasa minimumandmaximum
attractionvalue. In this figure, the interpolationvariesover time betweenthe minimum and maximum
attractionvaluesof the attractor. By animatingthe locationandstrengthof an attractor,manydifferent
effectscanbeachieved.Effectssuchasa breezeblowing (seeFigure8) andthewakeof a movingobject
caneasilybecreated.Sphericalattractorssimply createpathsradially awayfrom the centerof attraction
(asstatedpreviously,pathmovementneedsto bein theoppositedirectionof thedesiredvisualeffect).The
following is anexampleof a simplesphericalattractorfunction:

spherical_ at tra ct or (po in t, FF, direction, density_s ca li ng, velocity , percent_ to _us e)
xyz_td point, *directio n;
flow_func_ td FF;
float *density_ sc al ing , *velocity, *percent _to _use;

{
float dist, d2;

/*calcul ate distance and direction from center of attractor */
XYZ_SUB(*di r, point, FF.CENTER);
dist=sqr t(D OT_XYZ( *d ir, *d ir ));

/* set the density scaling and the velocity to 1 */
*density _sc al in g=1.0 ;
*velocit y=1 .0 ;

/* calculate the falloff factor (cosine) */
if(dist > FF.DISTA NCE)

*percent_ to _us e=0;
else if (dist < FF.FALLOFF_START)

*percent_ to _us e=1.0 ;
else

{ d2 = (dist - FF.FALLOFF_START)/ (F F. DISTANCE - FF.FALLOFF_START);
*percent_ to _us e = (cos(d2* M_PI) +1.0 )*. 5;

}
}
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The ����+	, ������! ��� structurecontainsparametersfor eachinstanceof thesphericalattractor.Theparam-
etersincludethecenterof theattractor,FF.CENTER,theeffectivedistanceof attraction,FF.DISTANCE,
and whereto begin the falloff from the attractorpath to the default path, FF.FALLOFF START. This
function rampsthe use of the attractorpath from FF.FALLOFF START to FF.DISTANCE.A cosine
functionis usedfor asmoothtransitionbetweenthepathdefinedby theattractorandthedefaultpathof the
gas.

Extensionsof SphericalAttractors

Variationson this simplesphericalattractorincludemoving attractors,anglelimited attractors,attractors
with variablemaximumattraction,non-sphericalattractors,andof coursecombinationsof any or all of
thesetypes.Thesevariationscanbeanimatedover time to achievemorecomplexandinterestingeffects.
For example,theminimumandmaximumattractioncanbeanimatedovertimeto producetheeffectsseen
in Figure4 andFigure8.

Insteadof havingtheattractionbesphericalin geometry,thegeometryof theattractioncan,for example,
be planaror linear. A linear attractorcanbe usedfor creatingthe flow of a gasalonga wall, aswill be
explainedin a latersection.

3.6.5 Spiral Vortex Functions

Vortex functions are very useful for creatingrealistic gas motion. They havea variety of usesfrom
simulatingactualphysicalvorticesto creatinginterestingdisturbancesin flow patternsasanapproximation
of turbulentflow. Onevortexfunctionis basedon thesimple2D polarcoordinatefunction:

� #

�

which translatesinto three-dimensionalcoordinatesas

� #
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�

� �

�

�

The third dimensionis normally just linear movementover time along the third axis. To animatethis
function,

�

is relativeto the framenumber.To increasethe vortex action,a scalarmultiplier for the sine
andcosinetermsbasedon thedistancefrom thevortex'saxisis added.This is by nomeansa truephysical
simulationof gaseousvortices. Simulating true turbulent flow characteristics,suchas thosefound in
Karmanvortexstreets(turbulentflow inducedvorticesin thewakeof theflow aboutanobject)is extremely
complexandrequireslargeamountsof supercomputertime for approximationmodels.A simplervortex
functionis givenbelow.
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calc_vor tex (p t, ff, path, velocity, percent_ to_ us e, frame_num )
xyz_td *pt, *path;
flow_fun c_t d *ff;
float *percent_t o_us e, *velocity ;
int frame_num;

{
static tran_mat_ td mat={0,0 ,0 ,0, 0, 0,0 ,0 ,0 ,0, 0, 0,0 ,0 ,0 ,0} ;
xyz_td dir, pt2, diff;
float theta, dist, d2, dist2;
float cos_thet a, sin _t het a, co mpl _c os, ratio_mu lt;

/*calcul at e distance from center of vortex */
XYZ_SUB(dif f,( *p t) , ff->cent er );
dist=sqrt (D OT_XYZ( dif f, dif f) );
dist2 = dist/ff- >dist ance;

/* calculate angle of rotation about the axis */
theta = (ff->par ms[0] *(1+.001 *(f ra me_num)))/

(pow((.1 +dist 2* .9) ,f f- >parms[1 ]) );

/* calculate the matrix for rotating about the cylinder' s axis */
calc_rot_ mat(t heta , ff->axis , mat);
transform _XYZ( (l ong)1 ,mat, pt ,& pt2 );
XYZ_SUB(dir ,pt 2, (* pt) );
path->x = dir.x;
path->y = dir.y;
path->z = dir.z;

/* Have the maximum strength increase from frame parms[4] to
* parms[5]to a maximum of parms[2] */

if(frame_ num < ff->parm s[4 ])
ratio_mul t=0 ;

else if (frame_n um <= ff->parm s[5 ])
ratio_mu lt = (frame_num - ff->parms [4 ]) /

(ff->parms [5 ] - ff->parm s[ 4]) * ff->parms[ 2] ;
else

ratio_mul t = ff->parm s[2 ];

/* calculate the falloff factor */
if(dist > ff->dist anc e)

{ *percent_t o_us e=0;
*velocity= 1;

}
else if (dist < ff->fallof f_ st art )

{ *percent_t o_us e=1.0 *ratio_mu lt ;
/*calc velocity */
*velocity= 1.0+(1.0 - (dist/ff- >fa ll of f_s ta rt) );

}
else

{ d2 = (dist - ff->fallo ff _s tar t) /(f f- >dist ance - ff->fallof f_ st art );
percent_to _use = (cos(d2*M _PI )+ 1.0 )* .5 *ra ti o_mul t;
*velocity= 1.0+(1.0 - (dist/ff- >fa ll of f_s ta rt) );

}
}

This vortexfunctionusessometechniquesby Karl Sims[19]. For thesevortices,theangleof rotation
aboutanaxisis determinedby boththeframenumberandtherelativedistanceof thepoint from thecenter
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(or axis) of rotation. The directionvector is then the vectordifferenceof the transformedpoint andthe
original point.

A third typeof vortexfunctionis basedon theconservationof angularmomentum:� �

�

# !�+	��
�� �
��� ,
where � is the distancefrom the centerof the vortex. This canbeusedin the abovevortex procedurein
calculatingtheangleof rotationabouttheaxisof thevortex:

�

# � �

�

����� !�+���
�������� �  �� . Thiswill givemore
realisticmotionsinceit conservestheangularmomentum.

An exampleof the effectsachievableby thesevortex functionscanbe seenin Figure5. Animating
the locationof thesevorticesproducesinterestingeffects,especiallywhencoordinatingtheir movement
with themovementof objectsin thescene,suchasproducingaswirling wakecreatedby anobjectmoving
throughthegas.

3.6.6 Combinationsof Functions

As mentionedabove,combiningthesesimpletypesof functionsin controllingthegasmovementthrough
different partsof the volumesgives the most interestingand complexeffects. The real power of flow
field functionsis the ability to combinesimpleprimitives to producetheseeffects.Two examplesof the
combinationof flow field functions,wind blowing andflow into a hole,arepresentedbelow to illustrate
thepowerof this technique.

Wind Effects

Thefirst complexgasmotionexamplewe will look at is wind blowing thesteamrising from a teacup.A
sphericalattractorwill beusedto createthewind effect.Figure8 showsframesof ananimationof abreeze
blowing thesteamfrom the left of the image.To producethis effect,anattractorwasplacedto theupper
right of theteacupandthestrengthof attractionwasincreasedovertime.Themaximumattractionwasonly
30%,so it appearsasa light breeze.Increasingthemaximumattractionwould simulatean increasein the
strengthof thewind. Thetop-left imagehasthesteamrisingonly verticallywith noeffectof thewind. The
top-rightimageto thebottom-rightimageshowtheeffecton thesteamasthebreezestartsblowing toward
the right of the image. This is a simplecombinationof helical motion with an attractor.Notice how the
volumeof thesteamaswell asthemotionof theindividualplumesis ``blown'' towardtheupperright. This
effectwascreatedby movingthe centerof thevolumepoint for therampingoff of thedensityover time.
The x valueof the centerpoint is increasedbasedon the heightfrom the cup andthe framenumber.By
changingthesphericalattractor flow functionandthesteammovingproceduregivenabove,theblowing
effectcanbeimplemented.Thefollowing is theadditionneededto thesphericalattractorprocedure:

/*
******** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** **
* Move the Volume of the Steam
******** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** **
* the shifting is based on the height above the cup (parms[13 ]- >parms[ 14] )
* and the frame range for increasi ng the strength of the attracto r.
* This is gotten from ratio_mul t that is calculate d above.
******** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** **
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*/

/* Have the maximum strength increase from frame parms[4] to
* parms[5] to a maximum of parms[2]
*/

if(frame_ num < ff->parm s[4 ])
ratio_mul t=0 ;

else if (frame_n um <= ff->parm s[5 ])
ratio_mu lt = (frame_num - ff->parms [4 ]) /

(ff->parms [5 ] - ff->parm s[ 4]) * ff->parms[ 2] ;

if(point. y < ff->parm s[ 6])
x_disp=0 ;

else
{ if(point.y <= ff->parms[ 7] )

d2 =COS_ERP((po in t.y - ff->parms [6 ]) /(f f- >parms[ 7] -ff->parm s[6 ]) );
else

d2=0;
x_disp = (1-d2)*r at io_ mult *pa rms[8 ]+ fa st_ noise (p oi nt) *f f-> parms[9 ];

}
return(x_ di sp) ;

Thefollowing tableshouldclarify theuseof all theparameters.

Variable Description

point locationof thepoint in world space
ff � parms[2] maximumstrengthof attraction
ff � parms[4] startingframefor attractionincreasing
ff � parms[5] endingstrengthfor attractionincreasing
ff � parms[6] minimumy valuefor steamdisplacement
ff � parms[7] maximumy valuefor steamdisplacement
ff � parms[8] maximumamountof steamdisplacement
ff � parms[9] amountof noiseto addin

The �	���

�

+ ����� � valuefor increasingthe strengthof theattractionis calculatedin the sameway asin
the calc vortexprocedure.The � �

�


 � valueneedsto bereturnedto thesteamrising function.This value
is thenaddedto the !�� ��� � � variablebeforethe rampingoff of the density.The following additionto the
steamrising procedurewill accomplishthis:

center = vol.shape.c enter ;
center.x += x_disp;

Flow Into a Hole in a Wall

The next exampleof combiningflow field functionsconstrainsthe flow into an openingin a wall. The
resultingimagesareshownin Figure9(a)and(b). For this example,threetypesof functionsareused.The
first function is an angle-limitedsphericalattractorplacedat the centerof the hole. This attractorhasa
rangeof 180degreesfrom theaxisof theholetowardtheleft. Thenextfunctionis anangle-limitedrepulsor
placedat the samelocation,againwith a rangeof repulsionof 180 degrees,but to the right of the hole.
Thesetwo functionscreatethe flow into theholeandthroughthehole. Thefinal typeof functioncreates
the tangentialflow alongthe walls. This functioncanbe thoughtof asa linearattractionfield on the left
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sideof thehole.The line in this casewould bethroughtheholeandperpendicularto thewall(horizontal).
Thisattractorhasmaximumattractionnearthewall, with theattractiondecreasingasyoumoveawayfrom
thewall. As youcanseefrom theflow patternstowardtheholeandalongthewall in Figure9, theeffectis
very convincing.This figure alsoshowshow thesetechniquescanbeappliedto hypertextures.The right
imageis renderedasahypertextureto simulatea(compressible)liquid flowing into theopening.

3.7 Animating Hypertextures

All of theanimationtechniquesdescribedabovecanbeappliedto hypertextures.Theonly changeneeded
is in therenderingalgorithm.By usinga non-gaseousmodelfor illumination andfor convertingdensities
to opacities,the techniquesdescribedabovewill producehypertextureimages.As mentionedabove,an
exampleof this is Figure9. Thegeometryandmotionproceduresarethe samefor bothof the imagesin
Figure9. Two otherexamplesof hypertextureanimationwill beexplored:simulatingmoltenmarbleand
fire.

3.7.1 Molten Marble

Previouslyin thesenotes,a procedurewasgiven for simulatingthe formationof marble.Theadditionof
hypertextureanimationto thesolidtextureanimationcanincreasetherealismof theanimationconsiderably.

Onewayof animatinghypertexturesfor thesimulationof marbleformingis describedbelow.However,
thereaderis encouragedto try varioustechniquesto producedifferentresults.

Themainideabehindthis approachis to basethedensitychangeson thecolor of themarble.Initially,
no turbulencewill beaddedto the ``fluid'': densityvalueswill be determinedin a mannersimilar to the
marblecolor values,giving the different bandsdifferent densities.Justas in the earliermarble forming
procedure,turbulencewill beaddedover time. As you canseein theprocedurebelow,all of theaboveis
achievedby returningtheamountof turbulencefrom thesolid texturefunction,marble forming, described
earlier.Thedensityis basedon theturbulenceamountfrom thesolid texturefunction.This is thenshaped
usingthe powerfunction in a similar mannerto the gasfunctionsgiven before.Finally, a trick by Perlin
[17] is usedto form ahardsurfacemorequickly. Theresultof this functioncanbeseenin Figure10.

/*
********* ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** ***
* parms[1] = Maximum density value: density scaling factor *
* parms[2] = exponent for density scaling *
* parms[3] = x resoluti on for Perlin's trick (0-640) *
* parms[8] = 1/radius of fuzzy area for perlin's trick (> 1.0) *
********* ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** ***
*/

molten_mar bl e(p nt , density, parms,vo l)
xyz_td pnt;
float *density, *p arms;
vol_td vol;

{
float parms_sca la r, turb_amou nt;
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turb_amou nt = solid_txt (pn t, vo l);
*density = (pow(turb_ amount, parms[2]) )*0.35 +.65;

/* Introduce a harder surface quicker. parms[3] is multiplied by 1/640 */
*density *=parms[1 ];
parms_sca la r = (parms[3 ]*. 0015625)* par ms[8 ];
*density= (*densit y-. 5) *pa rms_ sca la r +.5;
*density = MAX(0.2, MIN(1.0, *d ens it y)) ;

}

3.7.2 Fire

Simulatingfire is a very complexproblem.Flamesareanotherexampleof a flow problem.Thesenotesdo

notdescribeacompletesolutionfor modelingfire. A truephysicalsimulationwould requirethesolutionof

theflow equationsfor theoxidantsandthereactantsandthechemicalequilibriumequations.Thetechnique

describedhereis a very preliminaryapproximationto simulatingthevisual characteristicsof flames.The

flamescanbe modeledasa three-dimensionalvolumedensity. To simulatethe luminouscharacteristics

of the flames,a constantillumination will beassumedandthe emittanceof light from the flameswill be

ignored.For flamesproducedfrom wood,paper,etc.thelight is emittedfrom carbonparticlesin theflame;

hence,theflameswill castshadowsonotherobjectsin thescene.

To createtheflames,abaseheightof thefire is usedto givearelativelycontinuousareaof fire. Above

this area,individual flameswill becomemoreprominent.For thedistributionof theflames,a combination

of turbulentsinewavesis used.Theflamesdensitywill alsodecreaseastheflamesrise.

Finally, a simulationof the flamecolor is needed.A simpleway to do this is to havethemostdense

portionsof theflamesberedandhavethecolorchangeto yellow astheflamedensitydecreases.

Hereis avery roughprocedurefor modelingfire:

/*
******** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** *
* Fire *
******** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** *
* parms[1] = Maimum density value - density scaling factor *
* parms[2] = exponent for density scaling *
* parms[3] = amount of randomnes s to add into the ramp off. *
* parms[4] = gas density threshold if < than this, =0. *
* parms[5] = center point x value for ramp off. *
* parms[6] = percent of height for base fire *
* parms[8] = sin multipli er value *
* parms[7] = minimum density for base fire *
******** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** *
*/

fire(pnt, densi ty ,pa rms, pnt_w, vol, final_pnt )
xyz_td pnt, pnt_w, *final_p nt ;
float *density ,* par ms;
vol_td *vol;

{
float tmp, dist_sq, density_m ax , tmp2, offset3;

3-21



float vect_len , compl_le n, hel_len, flow_amou nt;
extern float offset[OF FSET_SIZ E] ;
extern int frame_num ;
xyz_td directio n,c yl , diff, hel_path, center, pnt2;
int i, indx;
static float ramp[RAMP_SI ZE];
static float pow_table [POW_TABLE_SIZE ];
static int calcd=1;
static float down, cos_thet a2, sin_thet a2;
double ease(), height_rat io , compl, turb_amo unt, d_color,b egi n_ramp, ease_ amt,

theta_fi re, cos_thet a, sin_theta ;
rgb_td colr;

if(calcd )
{ theta_fir e =(frame_nu m%SWIRL_FRAMES_FI RE)* SWIRL_FI RE; /*swirling effect */

cos_theta = cos(thet a_fir e) ;
sin_theta = sin(thet a_fir e) ;
down = (float)fr ame_num*DOWN_FIRE -4.0;
cos_theta 2 = .09*cos_ th eta +2.0;
sin_theta 2 = .06*sin_ th eta -2.0;
calcd=0;
for(i=POW _TABLE_SI ZE- 1; i>=0; i--)

{ pow_table[ i] = (float)po w( ((d ouble )( i) )/( POW_TABLE_SI ZE-1) *
parms[1] *2 .0, (d oub le )p arms[ 2]) ;

}
make_ramp_t abl e( ra mp);

}
tmp = fast_nois e(p nt );

/* calculat e the amount of turbulen ce to add onto the path based on height
* above the surface.
*/
height_r at io = (pnt_w.y - vol->sha pe. b_box .c enter .y )*
vol->sha pe.b_ box.i nv _r ad. y;
if (height_ra ti o < 0) height_rat io =0;
else

height_r ati o = ease (height_ra ti o, 0.4, 0.6);
pnt2.x = pnt.x *1.75; pnt2.y = pnt.y*.5 ; pnt2.z=p nt .z* .7 5;
turb_amo unt= new_turbu len ce _th re e( pnt 2) *height_r at io;

/*
* calculate the path base on the unperturbe d flow: helical path
*/

hel_path .x = cos_theta 2 + tmp + turb_amoun t;
hel_path .y = (- down) - tmp - turb_amoun t;
hel_path .z = sin_theta 2 + tmp + turb_amoun t;
hel_len = NORM_XYZ(hel _pa th );
XYZ_ADD(di rec ti on, pnt, hel_path );

/*
* The flame shaping part
* Use multiple sine waves to get the general shape of the flames
*/
tmp = new_turbu len ce _t hre e( dir ec ti on) ;
tmp = (sin((dir ect io n. x+t mp)*p ar ms[8] )+ 1.2 5) *.4444444 444444;
tmp *= ((sin((d ire ct io n.z +t mp)*2 *p arms[ 8]) +1.0 ) *.5);
*density = pow_table [( int )( (tm p) *( .5* (P OW_TABLE_SIZ E-1 )) )] ;

/*
******** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *
* RAMPIT OFF
******** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *** ** *** ** ** *
*/
center=v ol ->s hapec ente r;
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/* determine distance from center ^2. */
XYZ_SUB(di ff, ce nte r, pnt_w);
dist_sq = DOT_XYZ(di ff ,di ff );
density_ max = dist_sq* vol -> sha pe.b _box. inv _r ad_sq .y ;

indx = (int)((p nt. x+pnt.y +pnt. z) *1 00) &(OFFSET_SI ZE -1);
density_ max += parms[3]*o ff set [i ndx];
if(densi ty _max >= .25)

{ /* * (1/.75)*p i */
i = (density_m ax -.25)*266 .6 6; /* get table index 0:199 */
if(i > 199)

i=199;
density_m ax = ramp[i];
*density *=density _max;

}

/* ramp it off vertically */
tmp2 = 2*(pnt_w .y - center.y);
if(tmp2 > 0.0)

{ tmp2 = (tmp2 +offset[ in dx] *p ar ms[ 3] )*v ol -> sha pe.in v_ ra d.y ;
if(tmp2 > 1.0) tmp2=1.0 ;
if(tmp2 > .05)

{ offset3 = (tmp2 -.05)*1. 111111;
offset3 = 1 - (exp(offse t3 )-1 .0 )/1 .7 18282;
*density = offset3* par ms[1 ];

}
}

if(*dens it y < parms[4] )
*density =0;

/* give an area of the fire where there is a minimum density
*/

if (*density < parms[7])
{

if (pnt_w.y < center.y - parms[6] * vol->shap e. rad .y )
{

begin_ram p = pnt_w.y -(center. y -parms[6 ]* vol->shap e. rad .y *. 5);
if (begin_r amp > 0)

{ /* ease to no min density */
begin_ram p = begin_ra mp*(v ol- >shape. b_box .i nv _ra d. y*2 .0 );
ease_amt = ease(beg in _ra mp, .4, .6);

*density = *density* ease_ amt +(1 -ease_amt )* parms[7]* dens ity _max;
}

else
{ *density = parms[7]* densi ty _max; }

}
}

/*
* Determin e the fire color & stick it into the vol->colo r structure.
*/
d_color = 1 - *density *1. 5/ par ms[1 ];
if (d_color < 0.0) d_color =0.0;
compl = 1 - d_color;
colr.r = 1.0;
colr.g = d_color * .2 + compl * .85;
colr.b = d_color * .2 + compl * .5;
vol->col or = colr;
}
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3.8 Conclusion

Thegoalof thesenoteshasbeento describemy techniquesto createrealisticimagesandanimationsof gases

andfluids in detail,aswell asprovidethereaderwith aninsightinto thedevelopmentof thesetechniques.

Thesenoteshave showna useful approachto modeling gasesand powerful animationtechniquesfor

proceduralmodeling.A moredetailedandexpandeddescriptionof thesetechniquescanbefoundin [4]. To

aid thereaderin reproducingtheresultspresentedhere,all of theimagesin thesenotesareaccompaniedby

detaileddescriptionsof the proceduresusedto createthem. opportunityto reproducethe results,but also

theopportunityandchallengeto expanduponthetechniquespresentedin thesenotes.Thisgivesthereader

not only the Thesenotesshouldalsogive the readeran insight into the proceduraldesignapproachI use

andwill hopefullyhelpthereaderexploreandexpandproceduralmodelingandanimationtechniques.
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Figure1: Theeffectsof thepowerandsinefunctionon thegasshape.(a) hasa powerexponentof 1, (b)
hasa powerexponentof 2, (c) hasa powerexponentof 3, and(d) hasthesinefunctionappliedto thegas.
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Figure2: Solid texturedtransparencybasedfog.
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Figure3: Marble forming. The imagesshow the bandedmaterialheating,deforming,thencooling and
solidifying.
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Figure4: Effect of a sphericalattractorincreasingover time. Imagesareevery45 frames. The top-left
imagehas0 attraction.Thelower-rightimagehasthemaximumattraction.
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Figure5: Spiral vortex. Imagesareevery21 frames.The top-left imageis thedefaultmotionof the gas.
Theremainingimagesshowtheeffectsof thespiralvortex.
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Figure6: Preliminarysteamrising from a teacup.(a) hasno shapingof the steam.(b) hasonly spherical
attenuation.
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Figure7: Final imageof steamrising from ateacup,with bothsphericalandheightdensityattenuation.

3-32



Figure8: A increasingbreezeblowing towardstheright createdby anattractor.
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Figure9: (a)Gasflow into a holein a wall. (b) Liquid Flow into aholein a wall.
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Figure10: Liquid MarbleForming
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