Chapter 3:
ProceduraModeling,Animation,andRenderingpf GasesFluids,
andTextures

David S. Ebert

3.1 Introduction

This chapterdescribeanodelingand animatingprocedurakextures,gasesand liquids. The main thrust
of the chapteris on procedurallymodelingand animatingvolume densityfunctionsfor creatingrealistic
imagesand animationsof gasesandfluids. A volume densityfunction is a three-dimensionalunction
( ) thatdefinesthe densityof a continuoughree-dimensionapaceBy usingvolumerendering
techniques[h volumedensityfunctionscancreatevolumetricgasesandfluids. Volume densityfunctions
arethe naturalextensiorof solid texturingto describingthe actualgeometryof the object.

Volumedensityfunctionsarebeingusedextensivelyin computergraphicsgor modelingandanimating
gasesfire, fur, liquids,andother™"soft" objects.| haveusedthemextensivelyfor modelingandanimating
gasesuchassteamandfog [2, 7, 5, 3]. Hypertexture$18], metaball§22](alsocalledimplicit surfacesand
soft objects) andInakage'sflames|[10] areotherexamplef the useof volumedensityfunctions.

As mentionedabove this chapterdescribechow to modelandanimatevolumetricgasesTherefore |
shouldfirst explainwhy we wantto modelandanimategasesn computergraphics Therearetwo reasons.
First, we needgasedor visual realism. Gasessuchasfog, steam,smoke,and cloudsare a part of our
everydayenvironmentln orderto createrealisticimagesof ourenvironmentthesegasesnustbeincluded.
Bothindoorandoutdoorscenedenefitfrom theadditionof gasesTherealismandmoodof outdoorscenes,
suchasa dark, drearyforestcanbeincreasedyreatlyby the additionof elementsuchasfog. Realismof
indoor scenesanalsobe enhancedy the inclusionof steamrising from a cup of coffeeor smokefrom
a fireplace. Second gasescanbe usedfor artistic effects. As the movie directorusesfog machinesand
similar deviceso setthestageof his drama,socanthe computeranimatorusecomputergeneratedog (and
othergasesfor dramaticeffects.

Therehavebeenseverapreviousapproachet modelinggasesn computegraphicsKajiya, [11], has
usedasimplephysicalapproximatiorfor theformationandanimationof clouds.Gardner][8], hasusesolid
texturedhollow ellipsoidsin modelingcloudsandmorerecentlyproducedanimationsof smokerisingfrom
aforestfire [9]. Otherapproachemcludethe useof heightfields[14], constantiensitymedia[13, 15], and
fractals[21]. Theauthorhasdevelopedseveralapproachefor modelingand controllingthe animationof
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gaseg2, 7,5, 3, 1]. Recently, Stamhasused “fuzzy blobbies" asathree-dimensionahodelfor animating
gasesvith goodresultg20].

The purposeof thesenotesis to describemy designapproacHor modeling,rendering.andanimating
gasesThesenoteswill helpexplainhow my approachdevelopedndalsoshowthedevelopmenof several
exampleprocedures.

In thediscussiorthatfollows, anoverviewof gasrenderingssuess discussedNext, abrief description
of the developmenbf my approachto modelingand animatinggases,called solid spacesis presented,
followed by anin-depthdescriptionof the modelingof the gasesandfluids. Finally, animationtechniques
for solid textures,hypertexturesand gasesare thoroughlydiscussedjncluding detaileddescriptionsof
severakexampleprocedures.

3.1.1 Overview of the Rendering System

For realisticimagesandanimationsof gasesyolumerenderingmustbe performed While any procedure-
basedvolumerenderingsystemcan be usedsuchasthe the systemdescribedby Perlinin [18], we will
look at my systemwhich is describedn detailin [5] and[7]. This hybrid renderingsystemusesa fast
scanlinea-bufferrenderingalgorithmfor the surface-defineabjectsin the scene while volume modeled
objectsare volumerendered.The algorithmfirst createsghe a-bufferfor a scanlinecontaininga list for
eachpixel of all the fragmentsthat partially or fully coverthe pixel. Thenfor eachvolumethat covers
this scanlinethe volumerenderings performednext,creatinga-bufferfragmentgor the separatsections
of the volumes. Volume renderingcease®ncefull coverageof the pixel by volume or surfaced-defined
elementds achieved.Finally, thesevolume a-buffer fragmentsare sortedinto the a-bufferfragmentlist
basedon their averageZ-depthvaluesandthe a-bufferfragmentlist is renderedo producethefinal color
of the pixel. The renderingsystemfeaturesa physically-basedow-albedoillumination and atmospheric
attenuatiormodelfor the gasesVolumetricshadowsarealsoefficiently combinednto the systenthrough
theuseof three-dimensionahadowtables[4].

3.2 Solid Spaces

3.2.1 Developmentof Solid Spaces

The approachl havetakento modelingandanimatinggasesstartedwith work in solid texturing. Solid
texturingcanbe viewedascreatinga three-dimensionatolor spacethat surroundshe object. Whenyou
applythe solid textureto the object,you aresimply carvingawaythe defining spacel wasexperimenting
with creatinga wide rangeof solid texturefunctions, most of which were basedon Perlin's turbulence
and noisefunctions[16] when he was askedto producean imageof a butterfly emergingfrom mist or
fog. Theideaof solid texturingmultiple objectcharacteristicsvasalreadypartof my renderingsystem.|
decidedo usesolid texturedtransparencyo produceayersof fog/clouds.The solid texturingfunctionwas
basedn turbulencesincethesephenomenarecreatedhroughturbulentflow. This approachs similarto
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Gardner'sapproacti8]. Thenextextensiorwasto useturbulence-baseprocedureso definethe densityof

three-dimensionalolumesinsteadof controllingthetransparencyf hollow surfacesAs you cansee the
ideaof usingthree-dimensionapacego representbjectattributessuchascolor, transparencyandeven
geometryis emergingasa commonthemein this progressionThe systemfor representin@bjectattributes
usingthisideais termedsolid spaces The solid spaceframeworkencompassesaditional solid texturing,
hypertexturesandothertechniquesvithin a unified framework.

3.2.2 What are Solid Spaces

Solid spacesrethree-dimensionapacesssociateavith anobjectthatallow for controlof anattributeof
the object. Forinstancejn solid texturingthetexturespaceis a solid spaceassociatedvith the objectthat
definesthe color of eachpointin the volumethatthe objectoccupies.This spacecanbe consideredo be
associatedvith, or representthe spaceof the materialfrom which the objectis createdmaterialspace).
Solid spacesavemanyusesin describingobjectattributes.For a moredetaileddescriptionof the usesof
solid spacespleasese€]2, 4, 5, 7].

3.3 Geometryof the Gases

As mentionedn theintroduction,the geometryof the gasess modeledusingturbulentflow basedsolume
densityfunctions.| haveuseda " visualsimulation" of turbulentflow similarto KenPerlin'sapproach16].

Thevolumedensityfunctionstakethelocationof the pointin world spacefind it's correspondingdpcation
in theturbulencespace(athree-dimensionadpace)andapply theturbulencegunction. Thevaluereturned
by theturbulencedunctionis usedasthe basisfor thegasdensityandis then™ shaped"to simulatethetype
of gasdesiredby usingsimplemathematicatunctions.(My implementatiorof noiseandturbulencecanbe
foundin [4].) In thediscussiorthatfollows, the useof basicmathematicafunctionsfor shapingthe gasis

describedollowed by the developmenbdf severalexampleproceduredor modelingthe geometryof the
gases.

3.3.1 BasicGasShaping

Severalbasicmathematicafunctionsare usedto shapethe geometryof the gas. Thefirst of theseis the
power function. Let's look at a simple procedurefor modelinga gasand seethe effects of the power
function,andotherfunctionson theresultingshapeof thegas.



basic_ga s(p nt ,de nsit y,p ar ms)

xyz_td pnt;
float *density,* parms;
{
float  turb;

int i;
static float  pow_table [P OWTABLE_SIZ E];
static int calcd=1;

if(calcd)
{ calcd=0;
for(=PO W_TABLE_SI ZE-1; i>=0; i--)
pow_table [i ] = (float)p ow((( doubl e) (i ))/ (P OWTABLE_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)( turb*(. 5* (POW_TABLE SIZE-1)) )];
}

This proceduregakesasinput the location of the point being renderedn the solid space, , anda
parametearrayof floating point numbers, . Thereturnedvalueis the densityof thegas.
is the maximumdensityvalue for the gaswith a rangeof 0.0to 1.0, and is the exponentfor
the powerfunction. The _ function calledin the aboveprocedurds simply an optimized
versionof theturbulenceunction describedn Chapter2 of thesecoursenotes.Figurel showstheeffects
of changingthe power exponentwith . As you cansee,the greaterthe exponentthe
greaterthe contrastand definition to the gasplume shape.With the exponentat 1 thereis a continuous
variationin the densityof the gas; whereaswith the exponentat 2, it appeardo be separatendividual
plumesof gas. Sodependingon the type of gasyou aretrying to model,you canchoosethe appropriate
exponentvalue. This procedurealso showshow precalculatedablescanincreasethe efficiency of the
procedures.The _ arrayis calculatedonceperimageand assumeshat the maximumadensity
value, , is constanfor eachgivenimage.A tablesizeof 10,000shouldbesufficientfor producing
accuratémages. This tableis usedto limit the numberof function calls. If the following straight
forward implementatiorwas used,a power function call would be neededper volume densityfunction
evaluation:

*density = (float) pow((doub le) tu rb* parms[1l ],( doubl e) par mg2] );

Assuminganimagesizeof 640x480,with 100volumesamplegerpixel, the useof the precomputedable
saves30,710,000 functioncalls.

Anotherusefulmathematicafunctionis the sinefunction. Perlin [16] usesthe sinefunctionin solid
texturingto createmarble,which will be describedn a later section. This function canalso be usedin
shapinggasesThis canbeaccomplishedby makingthefollowing changeo thebasic gasfunction:

turb  =(1.0 +sin(fast_ tu rbu le nce(p nt) *M_PI*5))* 5;

3-4



Thessinefunctionhasa similar effectasin its usefor marble:the abovechangecreates veins" in the
shapeof the gas.As you canseefrom thesesimpleexamplesit is very easyto shapehe gasusingsimple
mathematicafunctions.Next, we'll seehow to producemorecomplexshapesn thegas.

3.3.2 SteamRising From a Teacup

The goal is the to createa realisticimage of steamrising from a teacup. The first stepis to placea
“slab" [12] of volumegasoverthe teacup.(Any raytracablesolid canbe usedfor definingthe extentof

the volume.) Sincesteamis not a very thick gas,a maximumdensityvalueof 0.57will be usedwith an

exponenbf 6.0for the powerfunction. Theresultingimagecanbeseenin Figure6(a). This wasproduced
from the above _  procedure.

The imagecreated however,doesnot look like steamrising from a teacup.First of all, the steamis
not confinedto beonly aboveandoverthe cup.Secondlythe steam'sdensitydoesnotdecreasasit rises.
Theseproblemscanbe easily corrected.First, rampoff the densitysphericallyfrom the centerof the top
of the coffee. Thiswill makethe steambe only within the radiusof the cupandwill makethe steamrise
higheroverthe centerof the cup. Thefollowing additionto the basic gasprocedurewill accomplishthis:

steam_sl abl(pnt, pnt_worl d, density,p arms, vol)
xXyz_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 OWTABLE_SIZ E], ramp[RAMP_SIZ E];
static int calcd=1;
if(calcd)
{ calcd=0;

for(=PO W_TABLE_SI ZE-1; i>=0; i--)
pow_table[ i = (float)jpo  w(( (d ouble )( i)) /( POWTABLE_SI ZE-1) *
parms[1l] *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)( turb*0. 5* (POW TABLE SIZE-1)) |

/* determin e distance from center of the slab 72, */
XYZ_SUB(diff ,vo I. shape.c ent er, pnt_world)
dist sq = DOT_XYZ(dff .diff );
density ma x = dist_sq* vol.s hape.in v_rad _sq.y;
indx = (int)((pnt X +pnt. y+pnt .z )*1 00) & (OFFSET_SIZE -1);
density ma x += parms[3]* off set[ ind X] ;

if(density _max >= .25) [* ramp off if > 25% from center */
{ i = (density_ ma -.25)*4/ 3*RANP_SIZE; /* get table index O0:RAMP_SIZE-1 */
i=MIN(i, RANP_SIZE-1);
density . max = rampli;
*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 stt M_Pl) +1.0)/2. O©;
}

To achievethe more realisticimage, severaladditional parametersare usedin the new procedure:

_ and _ is the location of the point in world space. is a structurecontaining
information on the vqume beingrendered.The following table will help clarify the useof the various
variables:

| Variable | Description |
pnt locationof thepointin thesolid texturespace
pntworld locationof thepointin world space
density thevaluereturnedfrom the function
parms[1] maximumdensityof thegas
parms[2] exponenfor the powerfunctionfor gasshaping
parms[3] amountof randomnes#o usein fall off

vol.shape.center centerof thevolume
vol.shape.inwadsq | 1/radiussquaredf theslab

distsq point's distancesquaredrom the centerof thevolume
densitymax densityscalingfactorbasecbn
distancesquaredrom thecenter
indx anindexinto arandomnumbertable
offset aprecomputedableof randomnumberaused
to addnoiseto therampoff of thedensity
ramp atableusedfor cosinefalloff of thedensityvalues

The procedurenow rampsoff the densitysphericallyusinga cosinefalloff function. If the distance
from the centersquareds greaterthan25%,the cosinefalloff is applied.The resultingimagecanbe seen
in Figure6(b).

Secondwe needto rampoff the densityasit risesto geta morenaturallook. The following addition
will accomplishthis:

dist = pnt_worl d.y - volshap e.c entery ;
if(dist > 0.0)
{ dist = (dist +offset[in dx]*. 1)*vol. shape.i nv_rad.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 decreaseéhe densityasthe gasrises. If the vertical distance

3-6



abovethe centeris greaterthan5% of the total distancethe densityis exponentiallyrampedoff to 0. The
resultsof this additionto the aboveprocedurecanbe seenin Figure7. As you canseein this image,the
resultingsteamis very convincing.In alatersectionanimationeffectsusingthis basicsteammodelwill be
presented.

3.3.3 A SingleColumn of Smoke

The final exampleprocedurahat! will describecreatesa singlecolumnof rising smoke.For this smoke
column,the basisis a vertical cylinder. By deformingthis shapewe cancreatea realisticsmokecolumn.
Theobviousvisualcharacteristicef asmokecolumnarethatis it dispersessit risesandthatit is initially
smoothandbecomesnoreturbulentasit rises.Turbulencecanbe addedo thecylinder's centerto makea
morenaturallookingsmokecolumn.To simulateturbulenteffectandair currentstheamountof turbulence
is increasedhs a function of the heightof the smokecolumn. Also, you needto decreasehe densityas
a function of heightto help simulatethe dispersion. Theseideas,which are similar to the steamrising
procedureareonly the startto arealisticcolumnof smoke. The shapealsoneedgo be bentandswirledas
the smokerises.This canbe achievedy usinga vertical helix to displaceeachpoint beforecalculatingits
distancdrom the centerof the cylinder. A moredetaileddescriptionof this procedurecanbefoundin [4].

3.4 Animating Solid Spaces

Now that you have seenhow to modelthe geometryof the gasesa discussionof animatingthesegas
proceduresindothersolid spaceproceduresvill be presentedThereareseverawaysthatsolid spacesan
be animatedThesenoteswill consideitwo approaches:

Changingthesolid spaceovertime.
Moving thepointbeingrenderedhroughthe solid space.

Thefirst approactastime asa parametewhich changeghedefinition of the spaceovertime. Thisis
avery naturalandobviousway to animateproceduratechniques.

The secondapproachis to not changethe solid space but actually movethe point in the volume or
objectovertime throughthe space.The movementof the gas(solid texture, hypertexturejs createdoy
movingthefixed three-dimensionacreerspacepointalonga pathovertime throughtheturbulencespace
beforeevaluatingthe turbulencefunction. Eachthree-dimensionadcreenspacepointis inverselymapped
backto world spaceThenfrom world spacejt is mappednto thegasandturbulencespacehroughtheuse
of simpleaffine transformationsFinally, it is movedthroughthe turbulencespaceovertime to createthe
movementThereforethe pathdirectionwill havethereversevisualeffect. For example a downwardpath
appliedto thescreerspacepointwill showthetextureor volumeobjectrising.

Both of thesetechniquesanbe appliedto solid texturing,gasesandhypertexturesThe applicationof
thesetechniquedo solid texturingwill be discussedirst, followed by the useof thesetechniquedor gas
animation,andfinally, the useof thesetechniquedor hypertexturesincludingliquids andfire.
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3.5 Animating Solid Textures

The previoussectiondescribedwo animationapproachesThis sectionwill showhow theseapproaches
canbe usedfor solid texturing. Theuseof thesetwo approachefor color solid texturingwill be presented
first, followed by a discussiorof theseapproachefor solid texturedtransparency.

The exampleto be usedfor describingthe animationof color solid texturingis a marblefunction. A
simplemarblefunctionis givenbelow.

rgb_td marble(pn t)
xyz_td pnt;

float y;

y = pnty + 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 = sgrt(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 the point. The resultingvalueis thenusedto
determinethe color. Theresultsachievabléy this procedurecanbe seenin Figure3(d).

Theapplicationof theabovetwo animationapproacheto this functionwill havevery differenteffects.
Whenthefirst approactis used,changingthe solid spaceovertime, the formationof marblefrom banded
rock canbeachievedInitially, noturbulences addedo the point,sowe havethesinefunctiondetermining
the color. This producedandednaterial.As the framenumberincreasesthe amountof turbulenceadded
to thepointis increaseddeformingthe bandsnto the marblevein pattern. Theresultingprocedurés 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 cent, displace men;
ifframe_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 art_f rame))/ (end_fram e-st art _frame);
displacem ent = 3*urb_p ercent;

X = pntx + turb_perce nt*3. 0*turbule nce(pnt, .0125) - displacem ent;
X = sin(x*M_ PI) ;
return  (marble_co lo r(x )) ;

}

The valuein theaboveprocedures usedto stoptheentiretexturefrom moving.Without
the value,the entire bandedpatternmoveshorizontallyto the left of the image,insteadof
theveinsforming in place.Therealismof this effectcanbe increasedn severalways.First of all, ease-in
and ease-oubf the rate of turbulenceadditionwill give more naturalmotion. Secondly the color of the
marble can be changedo simulateheatingbeforeand while the bandsbeginto deformandto simulate
cooling afterthedeformation.This canbe achievedy thefollowing additions:

rgb_td marble_fo rmin g2( pnt, frame_num, start fr ane, 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;

ifframe_ 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 gth), 0.4, 0.6 );
else
glow_per cent=1. 0;

ifframe_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 art_f rame))/ (e nd_fr ames ta rt_ fr ame);
turb_perc ent=ease(tur b_perce nt, 0.3, 0.7);
displacem ent = 3*urb_p ercent;

X = pnty + turb_perce nt*3. 0*turbule nce(pnt, .0125) - displacem ent;
X = sin(x*M_ PI) ;
m_color=ma rb le_ colo r(x );
glow_perce nt= .5* glow_perc ent;
m_color.r= glow_per cent* (1. 0) + (1-glow_pe rc ent)* m_col or .r;
m_color.g=  glow_per cent* (0. 4) + (1-glow_pe rc ent )* m_col or.g;
m_color.b=  glow_per cent* (0. 8) + (1-glow_pe rc ent )* m_col or .b;
return(m_c ol or) ;
}
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Theresultingimagescanbe seenin Figure 3. Of coursethe resultingsequenceavould be evenmore
realisticif thematerialactuallydeformedjnsteadf thecolorsimplychanging Thiseffectwill bedescribed
in alatersection.

A different effect can be achievedby the secondanimationapproachmoving the point throughthe
solid space.The procedurebelow movesthe point alonga helical path beforeevaluatingthe turbulence
function. This produceghe effectof the marblepatternmoving throughthe object. This techniquecanbe
usedby adesignein determiningheportionof marbleto ““cut" his/herobjectfromin orderto achievethe
mostpleasingvein patterns.

rgb_td moving_marb le (pnt, 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_ numbeSWIRL_FRAMES)*SWR L_AMQ@NT; /* swirling effect  */
cos_theta = RAD1* cos(theta) + 0.5;
sin_theta = RAD2 * sin(theta) - 2.0;
down = (float)fra me_num*DONVNAMDUN+2. 0;
calcd=0;

tmp = fast noise (pnt) ; /* add some randomness */
tmp2 = tmp*1.75;

hel_path. vy cos_thet a2 + tmp;

hel_path. x = (- down) + tmp2;
hel_path. z = sin_thet a2 - tmp2;
XYZ_ADD(dr ect io n, pnt, hel_path)

/* calculat e the helical path */

1

X = pnty + 3.0*urbul ence( directi on, .0125);
X = sin(x*M_ PI) ;
return  (marble_co lo r(x )) ;

In the above procedure, _ and _ . This
produceshe pathswirling every 126 frames. _ and controlsthe speedof
thedownwardmovementlongthe helicalpath. and arethey andz radii of the helicalpath.

3.5.1 Animating Solid Textured Transparency

The previoussectiondescribedwo different ways that solid spacefunctionscan be animatedfor color
solid texturingandthe resultsachievableby both techniquesThis sectiondescribeghe useof animation
techniquedor solid texturedtransparency.

The animationtechniqueof moving the point throughthe solid spacewas my original animation
technique. The resultsof this techniqueappliedto solid texturedtransparencyanbe seenin [1]. The
following procedurewhich is similar in animationtechniquedo the above _ procedure,
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producesog moving throughthe surfaceof an object. Again, a downwardhelical pathis usedfor the
movementhroughthe spaceThis producesanupwardswirling to thegasmovement.

void fog(pnt, *tr ansp, frame_nu m)

xyz_td pnt;

float *transp;

int frame_num
float  tmp;

xyz_td  direction, cyl;
double theta;

pntx += 2.0 +turbulen ce(pnt, .1);
tmp = noise_it( pnt) ;

pnty += 4+tmp;

pntz += -2 - tmp;

theta =(frame_n umpWIRL_FRAMES) *SWR L_AMQINT;
cylx =RAD1* cos(thet a);
cylz =RAD2 * sin(thet a);

direction. X
direction. y
direction. z

pntx + cyl.x;
pnty - frame_num *DOWNAMOWNT;
pntz + cyl.z;

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

}

A still of thisprocedureppliedto acubecanbeseernin Figure2. Fortheseémagesthefollowing values
wereused: _ , , and _
, and ThIS techniqueis S|m|Iar to Gardner'stechniquefor
producmglmagesof clouds[8], exceptthatit usesturbulencdo controlthetransparencinsteadof Fourier
synthesis.

3.6 Animation of Gaseousv/olumes

Asdescribedn aprevioussectionthemovemenbf thegasis createdy movingthefixed three-dimensional
screenspacepoint alonga path over time throughthe turbulencespacebefore evaluatingthe turbulence
function. Eachthree-dimensionadcreerspacepointis inverselymappedbackto world space.Thenfrom
world spaceit is mappednto thegasandturbulencespacehroughthe useof simpleaffinetransformations.
Finally, it is movedthroughthe turbulencespaceovertime to createthe movemenbf the gas. Therefore,
the pathdirectionwill havethe reversevisual effect. For examplea downwardpathappliedto the screen
spacepointwill showthegasasrising.

Severalinterestinganimationeffectscan be achievedthroughthe useof simple helical pathsfor the
movementhroughthe solid spaceA discussiorof theseeffectsis presentedirst, followed by adiscussion
of theuseof three-dimensionahblesor controllingthegasmovementFinally, severahdditionalprimitive
functionsfor creatinggasanimationwill be presentedThe secondanimationtechniquemovingthe point
throughthe gasspacejs usedin all the procedureén this section.
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Helical Path Effects

As mentionedabove, helical pathscan be usedto createseveraldifferent animationeffectsfor gases.
Earlierin thesenotes,a procedurdor producinga still imageof steanrising from ateacupwasdescribed.
This procedurecanbe modified to produceconvincinganimationsof steamrising from the teacupby the

additionof helical pathsfor motion. The modificationneededs given below. This is the sametechnique
thatwasusedin the moving 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 offsetfOF FSET_SI ZE];

extern int frame_nu m;

xyz_td  direction, diff;

int i, indx;

static float pow_table [P OWTABLE_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%WRL _FRAMES* SWIRL;
down = (float)f rame_nuntDOW*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 ouble )( i)) /( POWTABLE_SI ZE-1) *
parms[1]* 2.0 ,( doubl e) par mq2 ]);
make_ramp_t able (ra mp);

}

tmp = fast_nois e( pnt);

direction. X pnt.x + cos_theta 2 +tmp;
direction. y pnty - 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)( turb*0. 5* (POW TABLE SIZE-1)) |

/* determin e distance from center of the slab 72, */
XYZ_SUB(diff ,vo I. shape.c ent er, pnt_world)
dist sq = DOT XYZ(dff diff );

density_ma x dist_sqg* vol.s hape.in v_rad _sq.

indx = (int)((pnt X +pnt. y+pnt .z )*1 OO) & (OFFSET SIZE -1);
density ma x += parms[3]* off set[ ind X] ;

|f(den5|ty mex >= .25) /* ramp off if > 25% from center */

{ i = (density  max -.25)*4/ 3*RANP_SIZE; /* get table index O0:RAMP_SIZE-1 *
i=MIN(i, RANP SI ZE-1);

density . max = rampli;
*density  *=density _max;

/* ramp it off verticall y *
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dist = pnt_world. y - volshap e.centery ;
if(dist > 0.0)

{ dist = (dist +offset[in dx]* .1) *vol. shape.i nv_rad.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 degreesvery
SWIRL_FRAMES frames. Noiseis appliedto the pathso thatit appearsnorerandom. The parameters
RAD1 andRAD?2 determineheelliptical shapeof the swirling path.

A downwardhelical paththroughthe gasspaceproduceshe effectof the gasrising andswirling in the
oppositedirection. The sametechniquecanbe usedto produceanimationsof fog developingandrolling
by. A horizontalhelicalpathcreatedhe movemenbf thegas.A descriptionof this canbe foundin [5].

For morerealisticsteammotion, a simulationof air currentsis helpful. This canbe approximatedy
addingturbulenceto the helical path. The amountof turbulenceaddedwill be proportionalto the height
abovetheteacupwith no turbulenceaddedatthe surface.

As shownabove,a wide variety of effectscan be achievedthroughthe use of helical paths. This
requiresthe sametype of pathbeingusedfor movementhroughoutthe entirevolume of gas. Obviously,
more complexmotion canbe achievedoby havingdifferentmovementpathsfor differentlocationswithin
thegas.A three-dimensionahblespecifyingdifferentproceduresor differentlocationswithin thevolume
createsa flexible methodfor creatingcomplexmotionin this manner.

3.6.1 Three-dimensionaltables

The useof three-dimensionahbles(solid spacesjo control the animationof the gaseds an extensiornto
my previoususeof solid spacesn which three-dimensionahbleswereusedfor volumeshadowingeffects
[5].

Thethree-dimensionahblesarehandledn the following manner:ithetablesurroundghe gasvolume
in world spaceandvaluesare storedat eachof the lattice pointsin the table. Thesevaluesrepresenthe
calculatedraluesfor thatspecificlocationin thevolume.To determinehevaluesfor otherlocationsin the
volume,theeighttableentriesforming the parallelepipedgurroundinghe point areinterpolated.

Therearetwo typesof tablesfor controllingthe motion of the gasesvectorfield tablesandfunctional
flow field tables. Thevectorfield tableswill notbedescribedn detailin thesenotes A thoroughdescription
of their useandmeritscanbefoundin [7]. The vectorfield tablesstoredirectionvectors,densityscaling
factors,andotherinformationfor their useat eachpointin the lattice. Thus, thesetablesare suitedfor
visualizing computationafluid dynamicssimulationsor using externalprogramsfor controlling the gas
movement[§.
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The flow field function andvectorfield tablesareincorporatednto the volume densityfunctionsfor
controlling the shapeand movementof the gas. Eachvolume density function hasa default path and
velocity for thegasmovementFirst, thedefaultpathandvelocity arecalculatedihenthevectorfield tables
areevaluatedandfunctionsthatcalculatedirectionvectors densityscalingfactors,etc.,from thefunctional
flow field tablesareapplied.The defaultpathvector,the vectorfrom the vectorfield table,andthe vector
from the flow field functionarecombinedo producethe newpathfor thegas.

3.6.2 AccessingThe Table Entries

For accessingaluesfrom thesetablesduring rendering the locationof the samplepoint within the table
is determined.The valuesat the eight points forming the surroundingparallelepipecdare interpolatedto
determinghefinal value.Thelocationwithin thetableis determinedy first mappingthethree-dimensional
screenspacepoint backinto world spacetheninto the three-dimensionahble. The following formulais
thenusedto find thelocationof the pointwithin thetable( ), giventhepointin world space(  ):

_ is thelocationin world spaceof the startingtableentryand o is theinverse
of thestepsizebetweertableelementsn eachdimensionOncethelocationwithin thetableis determined,
thevaluescorrespondingo the eightsurroundingableentriesaretheninterpolatedtri-linear interpolation
is normally sufficient).

3.6.3 Functional Flow Field Tables

Thetypeof tabledescribedn thesenotesto controlthegasmovemenis thefunctionalflow field table.The
major useof thesefunctionalflow field tablesis for choreographednimationof the gases.Thesetables
define,for eachregionof the gas,whichfunctionto evaluateo controlits movementEachflow field table
entry caneithercontainonespecificfunctionto evaluate pr alist of functionsto evaluateto determinghe
pathfor the movemenbf the gas(paththroughthe gasspace) For eachfunction, afile is specifiedwhich
containsthe type of functionandparametergor that function. The functionsevaluatedy the flow field

tablesreturnthefollowing information:

| Flow Field FunctionValues|

- directionvector

- densityscalingvalue

- percenbof vectorto use
- velocity

The advantagef the flow field functionsoverthe vectorfield tablesis thatthey canprovideinfinite
detail in the motion of the gas;they are evaluatedfor eachpoint that is volume rendered hot storedat
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fixed resolution. The disadvantagef the functionalflow field tablesis thatthe functionsaremuchmore
expensivdo evaluateghansimply interpolatingvaluesfrom thevectorfield table.

The “percentof vectorto use" valuein the abovetableis usedto providea smoothtransitionbetween
control of thegasmovemenby the flow field functions,the vectorfield tables,andthe defaultpathof the
gas.This valueis alsousedto allow a smoothtransitionbetweercontrol of the gasby differentflow field
functions. This valuewill decreasesyou move away from the centerof control for a given flow field
function.

3.6.4 Functional Flow Field Functions

Two powerful typesof functionsfor controlling the movementof the gasesare attractors/repulsorand
vortex functions. Repulsorsaarethe exactoppositeof attractorsso only attractorswill be describedchere.
To createarepulsorfrom anattractor simply negatethe directionvector.

Attractors

Attractorsareprimitive functionsthatcanprovideawide rangeof effects.Figure4 showsseveraframesof
anattractorwhoseattractionincreasesn strengthovertime. Eachattractorhasa minimumandmaximum
attractionvalue. In this figure, the interpolationvariesover time betweenthe minimum and maximum
attractionvaluesof the attractor. By animatingthe location and strengthof an attractor,many different
effectscanbe achieved Effectssuchasa breezeblowing (seeFigure 8) andthe wake of a moving object
caneasilybe created.Sphericalattractorssimply createpathsradially away from the centerof attraction
(asstatedpreviously,pathmovemenneeddo bein the oppositedirectionof thedesiredvisual effect). The
following is anexampleof a simplesphericabttractorfunction:

spherical_ attra ctor (point, FF, direction, density_ s cali ng, velocity , percent_ to _use)
xyz_td point, *directio n;
flow func_ td FF;
float *density_  scal ing , *velocity, *percent _to _use;
{
float dist, dz;
[*calcul ate distance and direction from center of attractor */

XYZ_SUBfdi r, point, FF.CENTER);
dist=sqr t(D OT_XYZ(*dir, *dir ));

/* set the density scaling and the velocity to 1 %
*density _scal in g=1.0 ;
*velocit  y=1.0;

/* calculate the falloff factor  (cosine) */

if(dist > FF.DISTA NCE)
*percent_ to _use=0;

else if (dist < FF.FALLOFF_START)
*percent_ to _use=1.0;

else

{ d2 = (dist - FF.FALLOFF_START)/ (FF. DISTANCE - FF.FALLOFF_START);

*percent_ to _use = (cos(d2* M_PI) +1.0 )*. 5;
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The _ _ structurecontaingparameterfor eachinstanceof thesphericahttractor.Theparam-
etersincludethe centerof the attractor,FF.CENTER the effectivedistanceof attraction,FF.DISTANCE,
and whereto beginthe 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 asmoothtransitionbetweerthe pathdefinedby theattractorandthe defaultpathof the
gas.

Extensionsof Spherical Attractors

Variationson this simple sphericalattractorinclude moving attractors anglelimited attractorsattractors
with variable maximumattraction,non-sphericahttractors,and of coursecombinationsof any or all of
thesetypes. Thesevariationscanbe animatedover time to achievemore complexandinterestingeffects.
For example the minimum andmaximumattractioncanbe animatedvertime to producethe effectsseen
in Figure4 andFigure8.

Insteadbf havingtheattractionbesphericaln geometrythegeometryof theattractioncan,for example,
be planaror linear. A linear attractorcanbe usedfor creatingthe flow of a gasalonga wall, aswill be
explainedn alatersection.

3.6.5 Spiral Vortex Functions

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

which translatesnto three-dimensionaloordinatess

The third dimensionis normally just linear movementover time along the third axis. To animatethis
function, is relativeto the framenumber.To increasehe vortex action,a scalarmultiplier for the sine
andcosinetermsbasedn thedistancerom thevortex's axisis added This is by no meansatrue physical
simulation of gaseousvortices. Simulating true turbulentflow characteristicssuchas thosefound in

Karmanvortexstreetgturbulentflow inducedvorticesin thewakeof theflow aboutanobject)is extremely
complexandrequireslargeamountsof supercomputetime for approximationrmodels. A simplervortex
functionis givenbelow.
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calc_vor tex (pt, ff, path, velocity, percent_ to_ use, frame_num)
xyz_td *pt, *path;
flow fun c_td *ff;
float *percent_t o_use, *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, compl_cos, ratio_mu It
[*calcul at e distance  from center of vortex */
XYZ_SUB(df f,( *pt) , ff->cent er),
dist=sgrt  (DOT_XYZ(dif f, dif f) );
dist2 = dist/ff- >dist ance;
/* calculate angle of rotation about the axis */
theta = (ff->par mg0] *(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_ ma(t heta, ff->axis , mat);
transform _XYZ((l ong)l ,mat, pt ,& pt2 );
XYZ_SUB(dr ,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] */
ifframe_ num < ff->parm s[4 ])
ratio mul t=0 ;
else if (frame_n um <= ff->parm s[5 ])
ratio_mu It = (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 ance)
{ *percent_t o_use=0;
*velocity=  1;
else if (dist < ff->fallof f_start )
{ *percent_t o_use=1.0 *ratio_mu It ;
[*calc  velocity */
*velocity= 1.0+(1.0 - (dist/ff- >fall off_start) )
}
else
{ d2 = (dist - ff->fallo ff _star t) /(f f- >dist ance - ff->fallof f_start);
percent_to _use = (cos(d2*M _PI)+ 1.0 )* .5*ra ti o_mul t;
*velocity= 1.0+(1.0 - (dist/ff- >fall off_start) )
}

}

This vortexfunctionusessometechniquesdy Karl Sims[19]. For thesevortices,the angleof rotation
aboutanaxisis determinedy boththeframenumberandtherelativedistanceof the pointfrom the center
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(or axis) of rotation. The directionvectoris thenthe vector differenceof the transformedpoint andthe
original point.

A third type of vortexfunctionis basedon the conservatiorof angularmomentum: :
where is the distancefrom the centerof the vortex. This canbe usedin the abovevortex proceduren
calculatingtheangleof rotationabouttheaxisof thevortex: . Thiswill givemore
realisticmotionsinceit conserveshe angulaiTmomentum.

An exampleof the effectsachievableby thesevortex functionscanbe seenin Figure5. Animating
the location of thesevorticesproducednterestingeffects, especiallywhen coordinatingtheir movement
with themovemenbf objectsin the scenesuchasproducinga swirling wakecreatedy an objectmoving
throughthegas.

3.6.6 Combinations of Functions

As mentionedabove,combiningthesesimpletypesof functionsin controllingthe gasmovementhrough
different partsof the volumesgivesthe mostinterestingand complexeffects. The real power of flow
field functionsis the ability to combinesimple primitivesto producetheseeffects. Two examplesof the
combinationof flow field functions,wind blowing andflow into a hole, are presentedelow to illustrate
the powerof this technique.

Wind Effects

Thefirst complexgasmotion examplewe will look atis wind blowing the steamrising from a teacup.A
sphericakttractomwill beusedto createthewind effect. Figure8 showsframesof ananimationof abreeze
blowing the steamfrom the left of theimage. To producethis effect, an attractorwasplacedto the upper
right of theteacupandthe strengthof attractionwasincreaseavertime. Themaximumattractionwasonly
30%, soit appearssa light breezelncreasinghe maximumattractionwould simulateanincreasdn the
strengthof thewind. Thetop-leftimagehasthe steantising only vertically with no effectof thewind. The
top-rightimageto the bottom-rightimageshowthe effecton the steamasthe breezestartsblowing toward
theright of theimage. This is a simple combinationof helical motion with an attractor. Notice how the
volumeof thesteamaswell asthe motionof theindividual plumesis ““blown" towardtheupperright. This
effectwascreatedoy movingthe centerof the volume point for therampingoff of the densityovertime.
The x valueof the centerpoint is increasedasedon the heightfrom the cup andthe frame number. By
changingthe sphericalattractor flow functionandthe steammovingproceduregivenabove,the blowing
effectcanbeimplementedThefollowing is the additionneededo the sphericalattractor procedure:

/*

*kkkkkkk k% kkk  kk kk kkk  kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk o kkk k%
*

Move the Volume of the Steam
*kkkkkkk k% kkk  kk kk kkk  kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk k%

* 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.
*kkkkkkk *k kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk o kkk kk kk kkk kk kkk kk kk kkk kk kkk k%
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*/

/* Have the maximum strength increase  from frame parms[4] to
* parms[5] to a maximum of parms[2]
*/
ifframe_  num < ff->parm s[4 ])

ratio mul t=0 ;
else if (frame_n um <= ff->parm s[5 ])

ratio_mu It = (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(pointy - ff->parms [6]) /(f f- >parms[ 7] -ff->parm s[6]) );
else
d2=0;
x_disp = (1-d2)*r atio_ mut *parms[8 ]+ fa st_ noise (p oi nt) *f f-> parms[9 ];

return(x_ di sp) ;

Thefollowing tableshouldclarify the useof all the parameters.

| Variable | Description |
point locationof thepointin 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 increasinghe strengthof the attractionis calculatedn the sameway asin
the calc.vortexprocedureThe _ valueneeddo bereturnedo the steamrising 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 functionsconstrainghe flow into an openingin awall. The
resultingimagesareshownin Figure9(a)and(b). Forthis example threetypesof functionsareused.The
first function is an angle-limitedsphericalattractorplacedat the centerof the hole. This attractorhasa
rangeof 180degreedrom theaxisof theholetowardtheleft. Thenextfunctionis anangle-limitedrepulsor
placedat the samelocation, againwith a rangeof repulsionof 180 degreeshput to the right of the hole.
Thesetwo functionscreatethe flow into the hole andthroughthe hole. Thefinal type of functioncreates
the tangentialflow alongthe walls. This function canbe thoughtof asa linearattractionfield on the left
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sideof thehole. Theline in this casewould be throughthe hole and perpendiculato the wall(horizontal).
This attractorhasmaximumattractionnearthewall, with theattractiondecreasing@syou moveawayfrom
thewall. As you canseefrom theflow patterngowardthe holeandalongthewall in Figure9, the effectis
very convincing. This figure also showshow thesetechniquesanbe appliedto hypertexturesThe right
imageis renderedasa hypertexturao simulatea (compressibleliquid flowing into the opening.

3.7 Animating Hypertextures

All of the animationtechniqueslescribecabovecanbe appliedto hypertexturesThe only changeneeded
is in therenderingalgorithm. By usinga non-gaseoumodelfor illumination andfor convertingdensities
to opacities,the techniquegescribedabovewill producehypertexturdmages. As mentionedabove,an

exampleof this is Figure9. The geometryand motion proceduresrethe samefor both of theimagesin

Figure9. Two otherexamplef hypertextureanimationwill be explored:simulatingmoltenmarbleand
fire.

3.7.1 Molten Marble

Previouslyin thesenotes,a procedurewvasgiven for simulatingthe formationof marble. The additionof
hypertextureanimatiornto thesolidtextureanimationcanincreaseherealismof theanimationconsiderably.

Oneway of animatinghypertexture$or thesimulationof marbleformingis describedelow.However,
thereadelis encouragedb try varioustechniqueso producedifferentresults.

Themainideabehindthis approachs to basethe densitychange®n the color of the marble.Initially,
no turbulencewill be addedto the ““fluid": densityvalueswill be determinedn a mannersimilar to the
marble color values,giving the different bandsdifferent densities.Justasin the earlier marble forming
procedureturbulencewill be addedovertime. As you canseein the procedurebelow, all of the aboveis
achievedy returningthe amountof turbulencegrom the solid texturefunction,marble forming, described
earlier. The densityis basedon the turbulenceamountfrom the solid texturefunction. This is thenshaped
usingthe powerfunctionin a similar mannerto the gasfunctionsgiven before. Finally, a trick by Perlin
[17] is usedto form a hardsurfacemorequickly. Theresultof this functioncanbeseenin Figure10.

/*

K*kkkkkkkk k% kkk kk kk kkk kk kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk

* parms[l] = 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) *
*kkkkkkkk *k kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk
*/
molten_mar bl e(p nt, density, parms,vo |)

xXyz_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 (pnt, vol);

*density = (pow(turb_ amount, parms[2]) )*0.35 +.65;

/¥ Introduce a harder surface quicker. parms[3] is multiplied by 1/640 */
*density  *=parms[l J;

parms_sca la r = (parms[3 ]*. 0015625)* par mg8 ];

*density= (*densit y-. 5)*parms_scalar +.5;
*density = MAX(0.2, MIN(1.0, *densit y)) ;
3.7.2 Fire

Simulatingfire is avery complexproblem.Flamesareanotherexampleof aflow problem.Thesenotesdo
notdescribea completesolutionfor modelingfire. A true physicalsimulationwould requirethe solutionof
theflow equationgor theoxidantsandthereactant@ndthechemicalequilibriumequationsThetechnique
describechereis a very preliminaryapproximatiorto simulatingthe visual characteristicef flames. The
flamescanbe modeledas a three-dimensionalolume density. To simulatethe luminouscharacteristics
of the flames,a constantllumination will be assumedandthe emittanceof light from the flameswill be
ignored.Forflamesproducedrom wood, paper etc.thelight is emittedfrom carbonparticlesin theflame;
hencetheflameswill castshadowsn otherobjectsin thescene.

To createtheflames,a baseheightof thefire is usedto give arelatively continuousareaof fire. Above
this area,individual flameswill becomamoreprominent.For the distributionof the flames,a combination
of turbulentsinewavesis used.Theflamesdensitywill alsodecreasastheflamesrise.

Finally, a simulationof the flame color is needed A simpleway to do this is to havethe mostdense
portionsof theflamesberedandhavethe color changeo yellow astheflamedensitydecreases.

Hereis avery roughprocedurdor modelingfire:

/*

*kkkkkkk *k kkk  kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk o kk ok
* Fire *
*kkkkkkk *k kkk  kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk ok
* parms[l] = Maimum density value - density scaling factor *
* parms[2] = exponent for density  scaling *
* parms[3] = amount of randomness 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 *
*kkkkkkk *k kkk  kk kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk ok

*/

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;
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float vect_len , compl_le n, hel_len, flow_amou nt;

extern float offsetfOF FSET_SIZ E];

extern int frame_num ;

xyz_td directio n,cyl, 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_ant,
theta fi re, cos thet a, sin_theta ;

rgb_td colr;
if(calcd
{ theta_fir e =(frame_nu m9%BWIRL FRANES 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*DOWNFIRE -4.0;
cos_theta 2 = .09*cos_ th eta +2.0;
sin_theta 2 = .06*sin_ theta -2.0;
calcd=0;
for(i=POW _TABLE_SI ZE-1; i>=0; i--)
{ pow_table[ i = (float)po  w(((d ouble )( i) )/( PON_TABLE_SI ZE-1) *
parms[1l] *2.0, (d ouble )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 atio = (pnt_w.y - vol->sha pe. b_box.c enter .y )*
vol->sha pe.b_ box.i nv_rad.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 = pntx *1.75; pnt2y = pnty*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 ft;
hel_path .y = (- down) - tmp - turb_amoun t;
hel_path .z = sin_theta 2 + tmp + turb_amoun ft;
hel_len = NORM_XYZ(kBl _path);

XYZ_ADD@i 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 ecti on);
tmp = (sin((dir ect io n. x+t mp*p ar mg8] )+ 1.2 5) *.4444444 444444,
tmp *= ((sin((d ire ctio n.z +t mp)*2*parms[ 8]) +1.0) *.5);
*density = pow_table [( int )( (tm p) *( .5 (P OWTABLE_SIZ E-1)) )] ;
/*
*kkkkkkk *k kkk  kk kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk ok
* RAMPIT OFF
*kkkkkkk *k kkk  kk kkk  kk kk kkk kk kkk  kk kk kkk kk kkk kk kk kkk kk kkk kk kk kkk kk kkk kk kk ok
*/

center=v ol ->s hapecente r;
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/* determine distance  from center 2. */

XYZ_SUB(i ff, center, pnt_w);

dist sq = DOT_XYZ(diff ,di ff );

density  max = dist_sgq* vol ->shape.b _box. inv _rad_sq.y;

indx = (int)((p nt. x+pnty +pnt. z) *100) &(OFFSET_SI ZE -1);
density  max += parms[3]*o ff set [i ndx];
if(densi ty _max >= .25)
{rF * @75)p i *
i = (density_ m ax -.25)*266 .66; /* get table index 0:199 */
if(i > 199)
i=199;
density m ax = rampli];
*density  *=density _max;

}

/* ramp it off vertically */
tmp2 = 2*(pnt_w .y - center.y);
iftmp2 > 0.0)
{ tmp2 = (tmp2 +offset[ in dx] *par ms[3] )*v ol ->shape.in v_rad.y ;
iftmp2 > 1.0) tmp2=1.0 ;
iftmp2 > .05)

{ offset3 = (tmp2 -.05)*1. 111111,
offset3 = 1 - (exp(offse t3)-1 .0)/1 .7 18282;
*density = offset3* par mg1 |;
}
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_wy -(center. y -parms[6 ]* vol->shap e.rad.y *. 5);
if (begin_r anmp > 0)
{ I* ease to no min density */
begin_ram p = begin_ra mp*(v ol- >shape. b_box.i nv_rad. y*2 .0);
ease_amt = ease(beg in _ramp .4, .6);

*density = *density* ease_am +(1 -eése_amt )* parms[7]* density _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 mg1 ];
if (d_color < 0.0) d_color =0.0;
compl = 1 - d_color;

colr.r = 1.0;

cor.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 describany techniqueso createrealisticimagesandanimationof gases

andfluids in detail,aswell asprovidethereademwith aninsightinto thedevelopmenof thesetechniques.

Thesenoteshave shown a useful approachto modeling gasesand powerful animationtechniquesfor

proceduramodeling.A moredetailedandexpandediescriptiorof theseiechniqguesanbefoundin [4]. To

aidthereaderin reproducingheresultspresentedhere all of theimagesn thesenotesareaccompaniety

detaileddescriptionsof the proceduresisedto createthem. opportunityto reproducehe results,but also

the opportunityandchallengeao expanduponthetechniquepresentedn thesenotes.This givesthereader

not only the Thesenotesshouldalsogive the readeran insightinto the proceduradesignapproach use

andwill hopefullyhelpthereaderexploreandexpandoroceduramodelingandanimationtechniques.
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Figure1: Theeffectsof the powerandsinefunction on the gasshape.(a) hasa powerexponenbf 1, (b)
hasa powerexponenbf 2, (c) hasa powerexponenbf 3, and(d) hasthe sinefunctionappliedto thegas.
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Figure2: Solid texturedtransparencypasedog.
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Figure 3: Marble forming. The imagesshow the bandedmaterialheating,deforming,then cooling and
solidifying.
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Figure4: Effect of a sphericalattractorincreasingovertime. Imagesare every 45 frames. The top-left
imagehas0 attraction.Thelower-rightimagehasthe maximumattraction.
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Figure5: Spiralvortex. Imagesareevery 21 frames. The top-leftimageis the defaultmotion of the gas.
Theremainingimagesshowtheeffectsof the spiralvortex.
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Figure6: Preliminarysteamrising from ateacup.(a) hasno shapingof the steam.(b) hasonly spherical
attenuation.
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Figure7: Finalimageof steanrising from ateacupwith bothsphericalandheightdensityattenuation.
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Figure8: A increasingoreezeblowing towardstheright createdby anattractor.
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Figure9: (a) Gasflow into aholein awall. (b) Liquid Flow into aholein awall.
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Figure10: Liquid Marble Forming
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