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ABSTRACY

Al modeling renwa) plvacmeas & recognaed a5 o of De
greaest challenges of competer graphua, reaively lnde tme o
boen spere on modeling occan waves. The modd peoscmisd in ths
paper is sulalle for the rondenng and asioulion of wiwes
ppeoaching and becating on 3 Soping heach Wavedormn comeas
of 3 phase fuaction which comealy produces wave mefracsos and
otter depeh effects, and 3 wave profile which chungas scomding ©
wive sitcpocis end waer Gepdh. Panidle samiems e wed ©
mode] the spray prodaced by wave besaking sad colltsiors walk
cbatacher. A acambme slgoouues for dapluymg the wave serface o
presenied, shorg with a method of imegrating separmely meadoms
perticle systems wich other sutfaces. Miaden serface semonyl Sie
boch waves and pacucies i doas sxing 3 sovel vameaon of & A-
buffer techrigue. Meothols of implomenting Se model e
presenned and companed with previoes readening sechin gues,

CR Caxpotics and Suljeat Desosigases: 133 [Compater
Graphics]: Pictsre®mage Gesenmtion; 135 (Compater
Graphics): Computstozal Goometry snd Obyect Modeheg, 137
|Computer Graphics) Theee-Dimesssional Gaaghics asd Realisn.

Addimoral Key Woods sand Fhngex  A-befier, dampay, particie
syniores, wochawte: modeling, sarl. wance, wive sefiacton, waves.

1. Introduction

Modelisg rotusal phesomsse has always Deen among O mass
chalienging protdems In competer graphics, tecsss msunl
ptenomens have a3 sxberemt complexity far boyond St of sest
mar-made obgects.  Sipnifcam pogess ha becn made i
madchng & vieety of isclading 1wwevem (5] chouds [T
fre 14 17], wees (L 15, 19]. and grass [1F]  Relaively Betlc sme
has deen spem i3 modeling the appoerasce sed beduvior of e
ocTam.

Turner Whined, in his 8im ""The Complicas Asgler™’, wa smong
dve Tiest 40 anemje 10 Tonder waves in water. Using ray traceng [21)
Whited suimated reakat: sefloceons from fipples in » swall pood

Permrasson 10 copy withowt See all of part of 1his smierial & grarand
prowmded thal The Copets diz aod ade of distribaiod for dmext
comreros! sdvasiage, the ACM coprrghl noses and the itk of e
publcaton and it daic appear, and note b gives Gl copying = oy
permomon of the Anccutos for Comrpeting Machmery. To sopy
othecrwesc, or 8o repubbeh, reguires 3 fox and or specdic pormamon
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similar secheigue with cyclokdal waveforns. Mom mcestly, Xen
mlwm-ﬁmmmm-mﬁrmmwu’

srrmlase the sppesrasce of the occam yerfece as one
enght sce it from s siscraft well et 1o sea. Pedlin used a setof 20
cvcioidal waseforms, each radiang In 2 cioular fasdion from a
rndomiy placed certer poit

AdBough bump magpiog & mespessive and has boca effectively
wsed 10 Seomlae waves in the cases chad above, dump mapping is
ot seficene 10 simslate waves (n genenal. Sace the actud surface
o St burrp mappod wawes 40 sct eabebnt reslisic sihouctic edges
o ioneesactions with other unfaces. Ascdher Bsation of bump
mapped wares i 2at they cansce shadow one ancther of cast
Badiows cn ofer surfaces.

To avoid these doncomings, Nelsan Mac [10] wad 3 “heighe
ekl dgerithm x render caplicitly modeled wave sarfaces for his
fin “Cala's Mand™. Ws wave madel corsived of sevendd
wipermmponed lineas yzoacedsl waves wimulanag ocean waves of
bow amplitade.

In s poper we poment 3 model of ocean waves which Is capabie
of gmmlateg $e sppeararce and behavice of waves v ey
spproach a shoping beach, sieepening, beeaking. and gerodecing
spray of wamr droples from the cresss of the waves. Wavefronts
are comvectly refeacied by e trarsiton 10 Sallow water, wo that
they align Demseives paraliel w e beach. The model s ako
capable of umolbang pray maukng from the collison of waves
with partially schmerged cbuacles To cor krowledge, mo
compuier graghics model of hewe phenooer has prevaoesly been
preseaied, ihough Foorvier and Recves (6] are isvolead in sk
opeaarch

2. Wave Fundamentals

A mch dody of deory and chsrrvatos exunts concemisg dw
Beavior of waves in geserdd, asd water waves in pasticalar |9, 11,
200 Thes are several classes of warer waves obsorved In dhe
oor

o the tides, whach Bave very loeg wavelenghs and periods
 SSIETEC waves [tunars)

« irzzraal waves

» Ferfaoe graviny saves

o copllary (urface sessicn) wives, which have very shom
wanveleng™s sl perods



Surface gravity waves and capillery waves gereradly romdk fom
Se action of wind o0 the suface of dhe wince, 30 dey e
collectvely called “‘wind wanves™, Since owr ol & 1w prodace
reakstic pectuees of waves and wurf as fwy might be seen from e
beach, we will dexdl only with surface gravey wases, which zw
wudly the mow notceable waves on the beach duting sy shont
peciod of bservation (Small capillary wave ripgies may be barg
mapped on the wave surface for addnonal detal )

The simplost sarface Sravity wiree in witer & & smascilal furction
of the form:

() fix, ) =A u(?—&‘ﬁl)

wiiere x is B dstance froan oa o6gie poist, A is O stplaals of
e wave, L Is e waveleng®, C & D progagiion speed, and 7 is
e ome. The penod, T, & $ie time Setwesn succousve ooy of
e wave passing o pamiculer poisl. The wavclength, Jesiod, and
speed are relusd by the equation C « L7, The fregeency of Be
wive i V7. The wave samber of the wave, which m the sposial
srsdog of dhe fregeency, is e=2el. The mageitade of & waler
wive is ofien specified in wems of it heght, M, safher fom =
amplende, whees 17 « 24 for B simple sine wave. Tie seepaess
of 3 wave is the ngio £ » L,

The motios of he weve reest be distingeished from e moson of
the water Shrough witich the wave is propagating  Whille e wave
MOVES Past & prves porsd, the waler t tha poist moves i 3 cocslar
or ellipticel ordr & shows W Figue 1. The wner in e ced of
the warve maves In the same direction as the wave, while e waer
in the smagh of the wave moves In the opposte deecoon. The net
motion of the water 1§ 22r0 in an ideal simescical wave. The waser
must complete one oftit i de e time St = ko for 3
complete wavelerng of the wirve 10 o5 & piven powe, nancly Be
poriod of the wave, 7, Since the Sameaer of the ot i N, D
average orbital speed of the water i

(2) Quy v = B e

A wave dreaiis o the crest when the oodiml spoed O of the warer o
the crest excoads the speed C of the wave macl. Ths b e
weepeesi of & salide wave, sisce 0 grows 55 5 pows. Typicel
values for e sioeposss of oocan waves have been observed © Mo
between 005 and 01

Vanows hydrodymassic models of wave mobos leve loea
Cosruceed by assumiag Bl sea woer is 2 perfectly noaviscoun,
mcomnpreyshic fud, The pencral model 1 roslircsr and b 1o
corvesicre solutions [20] Therefore, many simplified of ifcalised
modeh sre wed for vasows siiuations. One of e more commonly
wsad hydeodyramic models ks the Asry model of smeaneds waves
of small (regighls) amplmede The Ay modd = hnce, ad
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Foodcn e e progegatien speed ind wascleagth of 3 warse will
degend cn the depeh of the wamr, 4, 35 folows

) € = Y K wotety = \f £ a2,

O0) L=CT

M;-hmdmamm’llﬂ-ﬁ' In
Ooep waner, webid) approaches 1, 0 € nm«hsu.fa In
wallow waser, cebiod) approaches <, w C approactes 'J To
miicwe fve perczme accumacy s hewe approximatioos, it s
suflicient for “desp™ w0 mean o 2 L8 asd for hullow’" 1 mein
d5L @

As sarfece graviey wives re driven @ large anplitades by the
wind, Bair hapes change, with the crests decomung moce sharply
pulad and e woeghs decomusg dhallower and Haowr The
CenmeyRarkiee wave model (9] pves an exact wlution m the
hydsody e ogeations ¢ & wave of s ocgligitie snplitade =
dup wamr This model peadicts 2 oochoiddl or oyciosdal
wacfoon, sppmeciung vmpondal shape when the wave sepoess
s il Asc@er popalar model is e Sckes wave modd (9, 20|
which & o nfnie Fourter series which resembles the rochondal
waw 4p 0 e dead onfer teens. The Stokes model predicts a2
syhe dependence of wave spead o0 usepomss, 3¢ 3 macimom
wawt sttepoea of 042 Nedson Mecx [10] wed oaly the firgt-crder
1o of e Swhes model for most of Ms waves, ind ued Be finst
e wcoed-crder woms G0 e wave wih the largest amplinade,

As waees spproach e shose from decp waler, the crewy of the
waves ead © decome poralied 1 the shorelice segandiess of thee
el onestanon. Thes 5 3 msult of wawe rgfacaion, a bending of
the waves due o S depeadence of propagasos spesd oa the depth
of Be water. S wives move more slowly ;m shallower water,
T part of & wave which emiers shallow witer first will Be setarded,
e the oomaiader of the wave wiich i will in deeper water will
move Bnser. This wadh 1o e the wawe crest % be panaliel % the
lise of Farsutcn o sballowsr water. Wave models which ignore
refacton may prodece impossibie” wouadons, such as Be wave
crmty rumpang perpenciostar wo dhe beach ia [ 10)

Atough the spead and waseleageh of 2 wase are reduced as it
emues wbalower water, S peniod mmains cosstam ad e
sophtode rermmes e same or inceseex lightly. The orbeal
wpeed of Be waner, whh is dwecdy relaed 0 the period and
smpiicade of the wawes, stays e e ewen a5 e wase Peed
doclines. Thos leadhs oo 3 chasge in the shape of i waves, with Ge
frose of Bhe crests bevomisg weeper 3o evennually droakisg whes
D spend of the wave drogs Selow e ortinal speed of the water
Wics beosling ocoum, druplets of water moviag favzr thum G
wire leave e wave sarface o the oo of spray. The exising
ydradymanic wave models do scc adequately decride e
berkizg of waves

3 A Maodd of Waves and Surf for Computer Graphics

The goal of cer model of waves ad serf 5 © allow B w0
gnbeuzs cosviacmg mages of oczan waves s they might be
wez cn 2 bexch  Mosoove:, e modd maat be sunable for
ARON, sove & is Dhe modion of waves and spray which give the
smoges mprsson of mallam 1 the viewer Since no existiag
bylrodysammec model can daim o fuly and sealatically describe
e dehavionr of sy eal oot waves, we will sot mempt o ue
sach 3 model Simcily. Mowever, we will depend on the predictions
of S Airy modd for the eclaiombip between the depeh of the
wper and the speed and wascleasgh of waves (eves thoegh many
of pur waves am aekdar snuscidl nor of small amgliogde)
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11 Basic Modd

We pepresent e ocoom surface ax a single-valaed function of Beee
variables:

y=flenn

whese (2, y.2) 5 e wead 3D Conesion modeling spoce with e Y
i Girecned upaants, aad 1 is the time, witich & advasced for cach
siccesgive frame of a3 ammation The we of & singlesnloed
heighe fusction for the wive model mears ur we aw prrverned
froen produdiag wives whose crees acnally curd forward. On dhe
ofher Tond, this meprescreation of the serface peeminy o 10 cesly
combing oomoroes waeth 000 ol Sefade by speTpOstOn
(umply sdding wgeher O hoighn of v advdsal wae
QO PONORs)

Qur wave fusction f & & sum of seved] longcmend Boesx

(%) flz.3.0= }':|A Wiz z.0)

Irsiead of weirg W, dimctly, we pecfor oo aplit W, o 2
QOMposion of two funcuons:

Wilx, 2, 00w w {frachon [qa.:.u] )

The fanctions w, we calld wose profiles, 3nd we waple-valacd
perindic fusctioen of one parameaer with 3 valus betwece O xad 1.
Tha perienswer valse 5 D Inctionyd pax of te phoe Satction,
6 ¢, 2.1) The spansion of W, into 3 wave profile and 2 phas
fusction makes & exser 1o describe and change e wave grofie ©
gve dfSerere wave stopes. I slio allows ws %0 adwes pha-
related problems withoot conoers for $w firad shuge of Se
wivefonn We discuss the phose fusction m e sl seoton, and
Oslay the discussion of wave peodiles vl secton 3.3

Exch wave componoat (e be sompleaely characserized by phang
s period T, its arpliude A, s orige, and s deocoom.  Seace
each comporent may have 3 Sffewn onpin and duccton, e
phose fyrchoas 6, tave 3 wmples form of cagecssed in 2 per
componers coordmats sysem in which e wive s & e
coorditate systom ofign asd propagaes In the +X Srochos. A
siople 2D warsfocmation may be saad o comven ghe coonfieuncs
of the poist (x, 2) =i the corsmponding cocrdimmes (5. %) I fe
cocedirate vywvem of compotet | .

A2 The Phase Fenction

The phase fuscrion hon 3 very mmples dependonce on the Gme
Just an cach wave componssl has the same consae perod T, w1 38
porsts i st i1 o slse ee Tt e wave componen: b S
sane constaw rate of prose change 3 all poests ie spuce, heely

the freqeency:
B |
a T

(The segaive sipn of the denvatve o recoiary o mule De wans
propagat in the diraction of incressing phase valoes ) ¥ we trow
e phase ot & partioslar tirse &, (x, 2, 2 for sl possts (x, 1), we cn
oompuse the phase for sy frame of s ssmaton by skng e nde

(35 (x5, 0)=0, x, 2,09 - _'_’2
We will geces e tlimedependonie of & o Sx hlloway
discussion, and Gesoribe the phone 22 3 fised time 1, Becrmang et
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S phase s 0 x the comporent sagia polst a8 dme 1, (which we
<32 amange, if recevsary, By moving the omgin poe),
Unfomanaeely, fhe dependesce of the phase of (x, z) o sot ncarly
=0 ractable. It s necessary for car praphics model 10 inchede the
cffccty of deph oa wavelength 3ad weed, in order © produce
ralaiic wive sefructicn effects, sich & e dignmeet of cress
paraiiel o the deach. and o onder 0 accuranely depict the modon
of dx wawey = hallow waser. The implication of the dependence
of wavdlengih end speed ca depth is Dt the phase Tenison
depends on De cammulmive effects of the depth of the waner
Setvwonn B wave onigin and the potss of intarest. In gereral, there
& 20 umple eapecaion for e phase fencion in waeer of varying
depth. If the fepdh of e wiker & CORsIant, Den a000ndag 0 De
Awy model (squaon 3) the wavelengh and speed are also
cosatazt. = s cme, the phase fuscticn (expreised in the per.
omposcr cocrhaate sysien) is unply.

&) .-

Sizce the wavelength L s variable 52 waer of varying depth, @
sppeany Bat the phase fenctos mu be evalusted & an iieyrad of
& depih dependent phase Odange Tencrion over the disance from
the ongim 0 B post of e In sne-dimemionadl s

St B0

:
O A= (4 )
[ the conseunt-depdh case, e derivative s

& Q‘h)--—-c"

where €, or L, may be compuind flom the Airy modd of equation
3 Now thax ths egeation may de¢ cbeained by €fesrrtianag
egugzue &

Withowr justification, we use the same derivadive {phase chasge
funcnicn) in watsr of varying deph. We mest irsagres this
fescteon o suggeaed by equatcn 7 in order w0 cbtsn & phaw
facuion il which give o5 the wave refaction offects we wanL
We mumercally suegrate from the ongie of exch componens Jorg
the duecton of propegaios ia decp waler [0 obtain & poid of phase
valnes. The gnd for each componert (s sored W 2 file and is
losdod &urieg ceademayg of the wave warface in osder © kook 3p
phase valses for the componert.  Bilisear interpelation ameng grid
vaues s wed W produce phase values Detween prid polres. This
insepolanon procadure does not weem 10 prodecs objectonahlo
asfcn o the fzal wmages, becasae the imterpolasd phase ts oot
resdered deoedy, but cuther is wed s Be purareter of Be wirve
prodis Amcron Of coums, 2 tme adjestnect for de parmicula
frame bong seaderad munt be subtracied from dae phue (ageation
5. o ould be emphusized thix e eapoasive nunerical
e gration of e phase fencton %r each componem s doow enlly
oace, not cnce for cxch frarse.

13 Wave Profiles
The wave peofile funcuors iztrodeced 12 soczoe 31 are single-
walsed porodic fuscoens of coc patameter.

wis)h 0z

The walees of w, are inttrpeciod o vertical daplecements of the
oceas serface from the somt pesion Ia ooder S the wave

anglinade A, o have its desend effiocs, it is sormally regeired St
the valucs of w mange ower the isterval [-1, 1] The crest of de
wave & cosvensarally Jocatod &t a ~ 0, 30 w(0) = 1. In order St

&7



e wive sarface be contispoes, 1t & mgured thar the fusction e
Qontinaous 00 [0.1) and the

3‘_3-.1-»--.0'-:

The wmples mathod of Pandlisng wave peofiles is 1 e 3 Sxad
fanctios for & w, in sl siestiors. For cxample, G fonctos
win) = coafden) meets 4l of e mqusemcnts for & weve profile
ond will pive a simple snasoiddd wave shage.

Yoo greamee moaarm, the vave profile fencoos i changed accordag
0 dhe wave wecprest, 5, asd the rasn, &, betwoes e depth of the

water and the deep water waveleng L*v.

The wecpecss comtrols 3 Bncar Blending hetween 3 smescl Sl
fanctioe (whes e stecpocs o soesdl) snd 8 shepocesd
quadnie feaoon (when e seepeess is larpe) The shurp omand
fanctone

wie)eliv-Wi-1

This fusction superfcially sssembles 3 cyclosd; we do moc wse 0
scaual cycloid becaue it has o cosvenest formulsson e an
explicit fusction of Ge phase The chasge of B¢ wave proflc m s
function of sasepoess produces & realstic change W appearce
from losg amooth swell with mended crots 1o shon choppy waves
with sharp Creuts.

The Gopth ravo, 3, controls the asymmetry of the wawe proliie.
Waen § iy large, e wave profils i evalsated normally. Whes b
semall, e purancier o i cxponostinsd w0 5t & valocs wwad
the dow end of the dmsarval [0, 11 Ths has the effoct of siocpenng
the fromt of the wave crest and stresching out the back of the ot
Similar asymmery in wave profics » casly oleorved = waves
et the shaliow water seer @ beach end appecach the boeaking
potrt, Migeee 2 Slustraes the different wave profies prodeced by
tha modsl.

Since waves besak and dissipase mach of thelr energy a5 Sy esaer
very shallow water, our wave mods] reduces the srgplisede of cach
wive comrponcal so Ut the vericel displacement of De occan
swface nover exconds e dapeh of the waer This mductios oaly
talkoss offect whea B depeh of the waer s compantie 1o the ser
of the vanous srgbeades A, .

34 Spray
Speay from bmaking waves aad from the collimon of waves wath

partialy mbmerged cbutacles is an irmpontant sipect of modeling
waves sad auef. Pamcle syseos [1T] are & setond mochenism »

\_/-
Quidnatic
Phase - - {
0 2 1

Figare 2: Wawe grofies
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we 0 sooule Be dehavior of he popalatica of witer droplets
which maka o0 the spery.

Ao mesponod cxber, waves break when e apead of cocylar
moten of Be waer in he crest of e wive ewceeds the speed of
Do wave el Based o8 B Msumgtion of uaiform Gleoular
mctcn, brmaking wosld cocur when @, > €. From equaticn 2,
Qg = 2IC, 30 dhe condition becomes =5 > 1 or § > e Claarly
g sssmptos of gmforms crcslar motion s inoomect, unce the
macioun seepgoess acnally odserved is much smaller, in e
saghbortood of 01, The waer i 3 poep waes moves faswr in the
et Dan sould be peadicied by Be unifom motica assumnption,
A Tcormcmd” pamicle speed Q0 & compund by multiplyirg Q.
by @ B0 VRS, whems S, 8 the desined maalmum $iepoess
= the begaking poine.

Ceneration of Be pasticle sysem for & gives Brealing wave crest ia
migwely unighsforsand. The inkial postion of each partiche & 11
e croat of the wave. The initial velocey of the panicle Is =
wpeesimacly Be sane dircction o e wive motios, with 3 spoed
of . A uochassic pemutation wih a Gamssian Ssuidadion s
alded © the particle velooty © avosd caceasvely snfoen panicle
Bebavice. An incressing sember of particles s gencrated s he
spead AfSemcrial Sarwers De wave spead and Q Increases

Notce $ut e crilenon for the gesermion of spexy dee to beeaking
o eatioely depesdent 0 wave siotpecss anxd sot oa the depth of e
wrer. Usaily besaking will msuk from the reduction i
wivcicogh sod cossoquent Mecpernmg when 3 wave eneny shallow
wxer. In s case, the geseration of spray will be accerspasicd by
= wymmesrc wave prodle as described in the peevious secton
However, it o also posible for waves o break 32 doep water when
e smplinade becomes wlficently lasge (Moen condibom). [a
Dis case, the wave prediles will be symmetical and sharp-cresied,
Wpmsimaing 3 cyciod

A wmite pamcle aysem model is wed b wmulae the spexy
resciting from waves sirihing cbsiacles (secks, piers, eic.) doeg the
beach, Pamicles are groenied ahen e crest of a wave is pear the
samand face of the characle. The cra is e relevase part of the
wive for spruy peneration decause e wiier in the sest is moving
waand e Deacd Wit i mazimum speed, and Derfon generaes
e moe spectacsiar spray.

Te ne of pande geseraion ncreases Mo 2000 & & line
sighdy Defore the crest mees fe obstacle. 10 2 masimum valse
when Bw crest 5 3t B obwacle, 3ad then fally back soward 12ro o
e crow panies the cbhaeacle. The imitial positions of the panicies
I appeonimanely on the curve along which Be wawe wirfacs
mects e cbwtacle. The imisad selocities of e paticies are
Ao sochaatically, with & sagritede Bt is 4 coastan fracdon
of B¢ specd 0 a which e warer Is sariking the obstacis, and 2
Soxcnon which & ®e mfecnon direction for an adeal claitic
cellsion, phes 3 Cacsgmas pertuedation (Figum J)
Panicle
W

Coerace Partcle

Figure 3 Costach impact
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Once 3 partiche ton been grrersted & rosalt of wive Beoslong of
obslacle irepacy, it behuviad is simalnsd accordng w greviaoes
Kinemarics as descrided In sction 4 3

3.5 Designing the Beach

Since so mach of te wave and speay model depends on the doph
of De water & 3 given pown, the fisal images e preatly aoced
by e shape of the tcren which fahes o B teach and
epecialy by the submarine comouns of o somms. THhe smapes =2
INs paper aw bosed on 3 hypotwsca dwach calind “Haddage
Bexch', Fipux 4 o 3 wpographc mop of Babbage Beach v
yellow indwating Mgh ciffs, gmen indosting Jom beach, wham and
Tighn blge indicaring shallom wams, and darer blee indcaing desp
water. The witer 31 the top Of the mup sverapes M) meses deep
Adpcern boes of e bk grid s 10 meen e The »d
basds indicase D¢ crests of 3 wave GOMPORERE with 3 ponod of uz
wecords. Wave refracsos effects s clearly vivbie i the sbupe of
these basds. Figure S is o poospective vicw of e 12man st
waler.

The Dabbage Beack tormen wm ememd = 3 coane god of
mascally gercemed clevationn. Thes dets wis socobed ad
v rpcd pied @it some LohIic Vination W pracdece » msch fioer
gl of slovasons. At prosced, the resuisng semen is reedersd = 8
calicton of Wangles with e god poms as verioes.  Biiear
-mmam-wuamudnu--m—"—-

for smocthey inerpol pbion and & Mo mealstsd MPeRNe

I 2 beacd it 10 be dexipned whow smply Sptizing = comter
map of 3 real beach, some stody of cosssd goomargiulogy [15] s
wcful in detenreneng sealsts landforms and sbmarnine oo
The dope of the beach depench on the nype of xand pamicies or
ocks which make up the Sesch Larger pamtities lead w0 saoeger
beschei. & shope beeween 110 and 130 s oypacal for sandy
beadhes, while beaches made of mones or dlate-dike ““shungle”’ cn
be as sieep 35 11 or 1:8 The musume of the beach slwo depoads 0o
the sseepeess of the large waves which strike il Swep wineer s
waves tend 10 crode fhe idove water pamt of S beach whie
beiMing up enderwuier sand tars. The lower waves of e sumner
season move the wand landward sad borld op 00 shove waes Wi
caled 2 “beme’".

4. Rendering

The model descrited m wcson 3 hu becs implemenned s pan of
MleMILOM“ﬂ—*‘
“Ponmy”’ [1M] and an Adeffer-lice sywem called “Prae™. The
my aing implementssos doos aot includs he particle sy
model of spexy.

4,1 Ray Trocing Waveforms

In e Posway ray tncing syviem, & modifisd repals fols neotee
mﬂm;m-.-mﬂwmo:q“
mencchion oqualion Greody. The advamtage of fy TROing & 3
means of serdcring the wave warfece is Dt i1 easly and comectly
Bardics the irrages of e sy and of sbpecs refiacnd  Be v
Howeser, hese reflections wmanlly cas be snwland by the wee of
wiction crvstmes! mafs In noncxy wncng wyiees  The
warface of the ocean n wsually »o tough tat mefections canmat b
mwde-’y.-dumm»nmum
will suffice. The disadvaages of mry tacing =T 3 smieine 4057
{neady M CPU hosn oa 3 Pyreemd %04 for some v serfacn),
the affculty of resfering comples procederd modcls such &
pertcle sysiems, and the tendeacy for allasing © aniee from ot
serpling disare waves new e honson. Sochestc sanglag & 3
possie, byt cxperadve, soluton 1 the Taner probien.

Figum 4: Tepograghic map of Babbage Beach

Figume S Baach terrain without waler

4.2 Scanline Renderimg of Waveforms

Becssse my Uaing & sapensive and inconwertere for rendeneg
compiex gcean phenomera, we would like @ develop & hedden
serface wchaique moce ssied 0 Be sk, The Z-beffer hedden
serfice wchaique [J] seerms 10 offer the pesest modeling freedom,
since 3y slement of 3 model may be seadered M dry CONvenent
ame Unforusaiely, e Z-huffor sechaique requines a greae deal of
memory and is very prone w allasng.

The A-Suffer sochnique Bas booe propesed [1] a8 e aos-akased
dmmasve © e Z-buffer. Unformenmely, the A-buffer does noe
mally offer the sene degree of rendering freedar a5 the Z-Sefer,
A pisel of the Adefer is aquivalent 10 3 paed of sse Z-buffer
when the pixel i sztirely coverad by an Opaque sarface. However,
whes 3 pinel is only pamally covemsd or the coverng wurfice & not
m‘tmlm“&ﬁ-ﬂwiMuu
wrbatrandy loeg linked lix of "toagmens’” structuses, cach of which
5 29 Syten Joeg i the originad implementaion. ¥ the model being
madered prodeces & lange number of mxch comples pisely, the
menory censumpunn of the A-Sofier muy become probibiive, and
e pagng of vemal menery may sevemly impact performarnce.
To alleviaoe thewe protlcma, the A-buffer sysiem pages the picel
arry i softwire end meaders sertaces n "approcanaely wCenhos
onder™



Sisce & is neosaary 1o render 0 approsinatsly scsslise ocder 1o
make pracscal we of the Apaffer, we dooidad 10 buidd a0 A-
baffer-lice sysem, Pixic. in which readenng takes place in sracely
scmlize coder. Alough B busic A-baffer schoigees am sl
wsnd & cach pexel, cur appeoach has » sember of advawages
Iasoead of @ bulfer amray wahh one oawry per image pinel, we nced
only 2 sagle row buffes with ose cetry por tmage column The
vasly seduoad saompe roquirements ehammsie aty soed 1o page the
A-beffar in softwame, ad foee w5 0 S0 Mo Indormanon per
poeel. In particular, there i 0o noed © we the smalicr E-byie por
pinel Zoaferdike date stroomure for compiotely covensd paacis
Ever placls which am cowered by a single opaque serface are
represesied 33 3 fapgmest list. This mmplifies S Jlgoevhems and
allows 48 1o msietain 12 bits of coloe seaslation xad both mitseraes
and mavioum Z saloes for ol plueds. An ExE b pinel mash
wed Irsiead of e 4xE mask onginally proposad. The befSer mself
is smply an army of fragmens le posmieny, wach 3 NULL posseer
indivatng an copty pinel When ol readediag for Un corvone
scanline has beenm compioned, an oupet Toutine b called 10 pack B
fragment lie (iIf any) a8 each plael of foe scankow, wriie the firgd
color and coverage isformation out 10 the image Sles, 20d mclam
e fragment stoupe, sctling he boffer fragrrere bt pocrtens back
o NULL,

Given the design of the Pixie nendenng sysem, it was sscesey
develop 2 scandine duplay slgorithen for soadenag wirve sarfaces
The dgodthm s aa afepuason of e goosunl Lane/Canpemnsr
poramptric suface pbdvvision Agonthm [§] Ow wavwe model
may be viewed (0 fae appropriae cooedinate vyyem) a8 3 Sencuos
y=fix.2) & 2 particelar time . The foem of tis fancton s
described ip saction ). A muitable parametric ropeesantanion of e
surface in terms of parsmeien (s, v)

Ala . vinas
ya.v)y=fix,v)

PRI R

The dgodithen meintsns & set of polypoms 1o Ye readernsd and 2 st
of wave surface paiches 10 de rendersd. Each sec consias of 2
lizked bat for cach acanbse. The algonthen bepirs wath the x and 2
coondinues of e intid wave serface in e modcling coordmane
system. This inkgal weve paach is insenad in the lnked Bst for the
sconlize oo which the potch Is fme visible, As sach scaniion »
reached, the algoridm checks each patch in the Iat for the scambons
10 e whetler il can be sccurnicly repecicmnsd by & satgle polypon
If 50, the pasch is discanded and (e appropriate polypon Is imsemed
in tw polygon daplsy li to be rendered by an anti-alissed
palypos scan comversion sigocsthes. M dhe potch is il 400 largs 0o
render &b 4 polypon, he pach s sebdividad im0 fowr sudpuaches,
and cach of Uese paxtes is irsemed (n De Nnked 1 for Oa
scanline om which it fing appears. Subdivicon of the peach i dose
accoeding 1o the pergpective progection of fhe paach 00 sowsen
space, m ch & way that each of De Tour sidpunches covens ar
pproximarely aqual area on D somen. A paech is Tendemnd 35 3
palypoe caly whes the pasch covers apprusimetely ose peacd of
e

To implement the Lase/Carperner scanbne digilay  alporshus
roqeines et we are able o desermine 3 furty tughe lower bourd ot
the scmen space Y cocodiraer of 3 pvee surface pach (Hsoming
the ¥ coordissies incseise going Sown the somen Sepianing with
scardine O & ®e 1w0g) Tor any wave mrface pach, 2 lower bound
on the creen Y coordinee (scatlive mamnber) of $ae visible pa of
the putch may be found by vassforming the modeling space
coordinates (A, 1) iN0 SOreen space for each peech comer (£,,3,)

0
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Thia o true Secasie the amploude A gives an spper bownd on thw
beight of the wave fasction. Avumisg the camers (eyepoice) is
Wocamed Bowe he plane y = A in modeling spece, the screen Y
cocodinas of the poire (5, f 13,40\ %) cannct be less Ban dw
sores Y cocrdiesate of (3,4, 5L

Alising of diseat wives i prevented by 3 form of “clamping™
[13) which mduces the amplinade of wases which e very shon
whmw © the plaed diamener. Weaves shoner Ben two el
dumecien ae coosplensly sgromed (ther ampl insde is 2050)

E b Bwostieg © compen s wive readenng algosidies 1o e
“Boghs Scid” algondm waed by Max [10] and orginally peoposed
by Fabemas aad Schachier (4] The haght feld slgorshm renders 3
singfe-valued functicn of tvo varsables by sassing columes of the
mege fom booom % wp Thes Be algorids weuld st be
Seocly applicable o 1 scaslice cnermod endenng syssers sech 25
Pile. A more sedous peobiem is et the porminible viewiog
pocmerry s quise sesiced wah the Beight feld adgedden. The
cemesy muat be dhove e lop of the waves (maxrmm haighe feld
valse), the viewisg Srocsios mrast i is 3 hommetal (7 » 2 ) plane
Sw camera cannot De posmiad someahat upwinrd o dowrmand ),
and e camens mrest Be spright (cannot Be tiked from side 00 side).
Our sigendem, 33 an adapration of ©e genenl Lase/Capecoor
wihakgue, has 00 sach viewing rewsceoes. However, 3 alightly
mors compiex aniine Soundiag st must De wsed wihen the
careny Bas below the ¥ « A plane o Is tined very sharply o one
ads

43 Rendering Spray

Our model of spray consnes of e pencle yysems described in
soction 34, Inis very difficelt o Seccly sender particle systens in
sclise ender. Insiead, e partiche spstoms ase simulated by a
spane program which concans the same wave model 25 !he main
Pute medenieg program. Tha progrsm ostputs 3 fle of paxel
nfomaunon in stasline onder whech s ased by Plaie 10 combine
parncies with the ather eloments of e scene and desemmine which
waraces e viskle @ each plasd

The putcic program advances dhrough time in sieps of Y% frame
(V8 second) A1 eaxh sep. sew pamicles are genenied
accondag © e i for wave braking aad cbatacle mpact. A
dats wrascnre i allocuted for cach new particle O More ity carseet
posizion, its previoes position. and s velocky. Eaxch old paricle is
movd xcordag o it awenge velociy dunieg the siep, and the
wilacky iy spdased so tha the particle accelersen dowrrwied with
i cormext acoclenatica of gravity. Paticles are deletod if ey
o) bellow e Toser bownd of the wave surtace. No amempe is
made w dewrmios the amal wawe lved @ the viciney of the
jorscie, wnce haddes arfice removad wall later be doee by Pxie.

The pamiche pepulation sseally stabilizes after 3bout Vi secoed, 5o
B e number of new pamicies betng geoecmed s rosghly equal
2 ©n oember of particies deing delesed  In order to grsure that 30
purscies tha could sppedr i the image hive beon penerited, & i
BeCMISary 10 s the model far encugh back in tame that 2 pamcle
prrensed o Be imtal wep with the susimun cpward velocity
will have falles Below the luwer bound of Be wave suface by the
e of e inage.

Wics the pamicle populsson x the Sme of the dexired framse has
boon getcrmed, the particles e Clgped w the viewing volume and
R fommed 0 WRes pace usng esactly the LaTe penpective
jropcton wsed i Pl 1 seader the offer clements of the wene.
Exch particle s dorwn a5 28 asti-alizsad Tne segment jinsng its
postions # e beganing aad end of e V-foame mmrval, This
effocawcly prowides tempoedl asti-dliasiag (oton Bler) for the
pariicies, which are the fTastest moving objects n cach image. (The
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waves move and churge relauwvely slowly and smoottly =
somporal fliasing is Mo & senous probiem )

The pamicles are doawn o 3 “'sparse ZHufler™ i Be parsciss
program. The sparse Z-5cfer comuss of 3 Maded M of poxel
atructeres for cach scualise of e mmage. Whes same pemcie
dourwn I8 o given pinel, the appropniine sceniine st i searched for
the pexel, and 3 new pruel s added 1o the Nz If 1o ofher parscle has
previcwily Boce drws into st piacl ln practice, dhe parncins
cover & slslively avell portios of e catiee image. 3o only shost
10% of G 10edd image piscls agpesr 0 e spane Zhofier
Bacasse spoce consimpaon i guine small, it is posaitie 10 keeg ow
oodor, covemage, ard masimum and minmum soaen £ ovalee
[perspective depth) for cach pxel. Pl data which gverlap in 2
value are stooed i the mere poasl atectere, dats wath dagoent
dopths arc siored in scparale structuses even of Sty appelr o the
same soabine and column of D¢ image. Covenges of pamicies an
Getermmed from the @stance o the particle and i welocey. The
coverages of all pasticies w2 & preel e addod ogether salbject 1o 4
maxervare vidae of L. The colors of pamicies are combined wsing »
e weighned dy ther coverages Pmally, dw masimum and
minimam Z valees aw updated according %0 each new jarmcie =
e piael,

Whes all prscies Bave heca drpen ing the spane Z-bufficr, S
conmens of the byffer a0 wnitics irto 3 seovporsry Ble. This Sle o
mad by Pizic dunng G rendening of S 0w Slemens of Ow
sceme. Since e pamtichk fil is in scankoe onder, Pucie can sasly
mad e informazion (If amy) which & stleware 20 e scanline
cereatly being rendemd Dach piacl in the purncle file is pasad
e Adefer hidden serface routited, ssing B lor, cowenge
(opaciy), and masitrern 8d miomem Z waluos whach wes
determmed by D pomicies program. Uang iy anfoemasion, P
can deermine whether the pamicies obscure of am obsowrnd By

betwees particles and the seriaces in the sooae, 3o [t composiang
of images could te wied. The combination of parcic mfcemanos
with other serface informmion In the A-bofier & G Time of
rendering solves ™is problem by snooesically deweminng whes
wurfaces or pariacics s visitle.

Figure 7 Beaaking waves

groncae speyy when Be waselesgrh is reduced i shallow waler,
Fagars § s ©¢ wame 33 Figees 7, wich the addizion of an pyramid-
shaped rock & an chwscle. A small plume of spexy & prodsced
from e impacr of 3 wave with e cbstacke. Figores 9 and 10
show 3 mumeard view of the Seach (n de lae afemoon and o
Tt

These exanples were produced wing caly theee wave Comporerss,
the main waves with 2 period of 6 seconds asd two secondiry
components wih pemods of I and 2% seconds. Realars would be
eshanced by the addton of 3 smedependert dumpmupped
=3ture pazers of small spples.

Each of the examples wis geoermied in approsimately aoe howr of
CPU time o0 & Pyramid %0 compener (companble tn 3 VAX-
1748 FPA)L The implementation has not pet been canfuly tuined
o optimized. The simelancn and rendening of the particle yystems
ook sppromniely 10 CPU minnes with 2.5 meagabytes of vieal

7
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Figure 8 Brogking maves wih cbstacie

memaery 1 Simalae an acuve popelation of S6000 panicies S 3
jotal of 5000 pamiches that wese gesersted. Pinie 100k ahost 40
CPU misutes and ) megabyses of vimudl memory 10 reader the
wive sarface and termain, snd o desermine De vishie serfaces o
cach pieel, inciuding the paniche coverge and depés axformation
supplied by $e pamcle popgan. The pgosention of e
semericaly mocgraed phase fusclion ibde for exch wave
componeat corauenad from 2 80 § CPU musstes

6. Conchesions and Future Research Directions

We tave prewmied 3 graghicel moded of waves and serf which &
capuble of resdesing and arumaneg realatil iesges of Mese ooran
picnomend. This ks one of the frst snempes 0 model bresicing
wives aad surf in the ficld of smage synibests. In oar madsl the
vamcﬁwnﬂwwhhm.vﬁkm
of e waver wecpenmg markedly a the deph of e s
docreascy. When fhe waves bosak, speay is simeliiad by 3 pamicie
aysiere in onder % pive the sppeatance of whinecape . Pamcie
nymmsm)uahnundbun‘dmmﬂmu
olsiaches Wave mefraction cffects aod De champe of spood and
mhfﬂnnmuncawﬂnm
imtcgrated phine Snction which sced only be compuied once for 3
given wwe componert, cvee of many fames of ammaton ke
groemaed.

mnnaednmn-m-odhdnub,umdk
Lare/Carpeoner sebdiviznon dlgorwhm for parametnc srfaces »
ummmamm'wmamm
Ths s 8 scanline algonter, and O0es e Seffer Soem O
ESINehors o vicwing poometry inbemn in Max's hoghy ficld
dgonviam. The wave rendering algonthem s MOMpOrEed in =
rovel inglemenuson of the Abuffer, with performance ad
simplicity advastages over the ofiping) A-daffer scheme. Paticle
syswome are modered by @ sepaae progeam whach pedeces >
scanlise soned e of pixg! Informumoe sutsbie for the A-beffer

T2

Thes allows us 20 imegrace pamicle syssers with ofher surfaces o
ow comt aod with greasmr Boobility thes can be adhicved uvag
COMPOTnng WChrIgies.

Ths work Bas concestrated on modeling e pramenry and moaos
of saves, sert and speay. Pumber work ga illumitation models o
pealed, sspecally © approumete sbadowing of spay panicles,
sfnction of kght fom spray pamticles, and transmomion of lght
Sugh seep wave cess. Tasmeng of wave sarfaces owght be
wed » sealas foan, bt care must be ke Bar sech exure
mage Dedave scambly from fame % fame of mimaticn. The
effcnvenes of pamcie wydzma 9 modehag spovy segpesis thee
Sy mighe be wed © model fousties, wrerfalls, s pertags
cves cupeds.

In our model sach wave component i long-cresied and has a fised
ampiende. To mose realowcally moded the ocean sarface, It wosld
be deeralle %0 afd the ceocept of “wave groups’” 1o the madal. A
wine proup would comshe of 3 phase offsct and s amplitede
fonction which would produce 3 moviag “bump’’ of abect crevind
wives which could be out of phuse with ofter wave procps of he
same wawe composcre. The wave growp sooabl ohave ot one half
e wave speed B prodned by Seory, in the g general
Gmcton 3 e wawes Semscives. Scveral wave pocgs could
oo 3 wagle phoe functon
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Figure 5 Surmat

Fgum 10: Late atemoon
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