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Abstract

It is increasinglypossibleto renderhigh delity 3D com-
puterscenesn areasonabléime on moderncomputers.
Accuratemodelsandhigh delity visualisationsof mary
natural ervironmentsare now possiblefor a wide vari-
ety of applications,including computergamesandtrain-
ing simulations. This paperdiscusses proof-of-concept
of a pipeline for modelling and renderingof physically
accuratevirtual undervaterervironments. The following
work is basednthethree-dimensionahodellingapplica-
tion Mayg andthe Radiancesuiteto provide high delity
lighting visualisationof undervaterenvironmentsor pos-
sibletrainingscenarios.
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1 Introduction

Dueto the costsassociatedavith deep-seaindervaterex-
ploration and engineering,t canbe bene cial to under
stand, using a computersimulation, an undervater en-
vironment prior to undertakingary operation. In such
a computersimulationit is essentialthat the computer
graphicsare physically accurateasfailure to do so could
lead to signi cant problemsdueto the dangerousature
of such environments. Authentic undervater rendering
could be usedto allow divers and submersibleROV?! pi-
lots to predictundervatervisibility andanalyseoptimum
equipmentandproceduredor a rangeof undervatercon-
ditions. Furthermorerecentattemptsaatundervaterscenes
within the entertainmenmmarket, althoughbelievable,are
of limited physicalaccurag andareoftentime consuming
to create. A streamlinedsystemfor creatingundervater
scenedor this market would allow accurateundervater
scenedo becreatedef ciently .

Alias' Maya is a 3D modelling package used to
producescomplex 3D models. It has been widely
usedin mary high prole Ims, gamesand visualisa-
tions [25]. Radianceproducesnal renderedmages,it
usesray-tracingto createhighly accuratdighting visual-
isations[26]. This paperpresentsa methodof faithfully
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recreatingundervater ervironmentsusing thesetwo ap-
plicationsaswell asotheradvancedrenderingtechniques.
Thesystemsinputis to bebasednasetof obserablepa-
rametersTheinitial focuswill be purelyon staticimages,
with aview to developinga laterinteractve version.

The rest of this paperis organisedas follows. Sec-
tion 2 coversafew of themainconsiderations accurately
recreatingan undervater ervironment. Existing software
solutionsfor creatingundervater scenesarelooked at in
Section3. Section4 concentratesn the implementation
of theproposedystem.Resultof theworksarepresented
in Section5 and conclusionsof the systemare given in
Sectiond.

2 Underwater Environments

The densityof wateris approximately800 times greater
thanair. Theconsequencef thisis thatlight interactdif-
ferentlyin this environmentandthusundervaterenviron-
mentsrequire a specialrenderingapproach. Interaction
with water moleculesand suspendegarticlescauseef-
fects,including lossof contrastdiffusion of rays,change
in colourandreductionof intensity The perceved colour
of the seais largely to do with the biological stateof the
water[19] [20]. Light scatteringcausingoptical effects
suchascausticsandshaftsof light dueto atmospheripar
ticlesis alsoanessentiatonsideratiorfor any undervater
scene.Thewatersurfacehasa greateffect on light belov
thesurface.At thesurface light canbe bothrefractedand
re ected. Thegentlewavesin awatersurfaceproducethe
causticeffectsseenat the bottomof the ocearwherelight
hasbeenfocussedo producea variationof light intensity
In addition, at surfacescausea mirror effect with more
light re ectedthanduringroughconditions.
Whenphotonsenterwater a complex chainof absorp-
tion and scatteringtakes place. This is ruled by the ra-
diative transportequation(1) which characterisethe ra-
diance changealong a path in the form of an integro-
differential equationas a function of radiancel at point
x in thedirection!l with absorption® andscatteringco-
ef cient ¥[12]. An accuratesimulationneedsealisticand
ef cient watersurfaceandlight interactionmodels.These
accountfor causticslight absorptiorandintensityandthe
effect of the bio-optic state.We will usephotonsmapsto
accuratelymodeltheseeffects.
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3 Previous Work

Oneof themajorusesof ComputeiGraphicds to simulate
ervironments. The useof interactve simulationprovides
an imitation of a stateof affairs or real device. It is of-
tenvaluablein environmentsvhereit maybeprohibitively
expensve or dangerouso venturewithout previoustrain-
ing. Simulatorshave beenusedto replicateaircrafts,space
ight, trainsandautomobilesln orderto createarealistic
simulator it is importantthatthe graphicsareasaccurate
aspossible.

Oneof themostrecentsigni cant demonstrationsf un-
derwater effectswasin Finding Nema To createthese
effects, Pixar's Rendermanwas adaptedto blur objects
basedon oceandepthand distancefrom the viewpoint.
Waterinteractionwas createdoy modifying Fitz, Pixar's
fur and cloth simulator[1]. Obviously thesemethodsare
not physically real.

Existing advancedray-tracingsolutions,including Ra-
diance can accuratelyrenderscenes recreatingeffects
suchasre ections, refractionand absorption. They also
are able to producephysically accuratespecularre ec-
tions and shadavs. Our solution adaptsthesemethods
to produceauthenticrenderings. In additionto a physi-
cally basedrenderingsolution,accurateparticipatingme-
dia, surfaceand lighting simulationneedto be incorpo-
rated.

Researchinto realistic participatingmediais a com-
plicated problemwhich requiresthe solution of the ra-
diative transportequation A solution using a volumet-
ric photon map demonstratedhe ability to model silty
water[13. TheLucifer systemuseda curved photonmap-
ping solutionto modeleffects causedby inhomogeneous
media[1Q. It is importantthatour volumetricmediais re-
latedto dataon watercontentto validateits accurag[20].

Generatingaccuraterenderingsof water surfaceshas
beena signi cant areaof research[§{24], with mary pro-
posedsolutionseachwith their own pros and cons. In
generalsolutionsare split accordingto the depthof the
seaernvironments.Althoughtherearebuilt-in methodsof
generatinga seasurfacewithin programssuchas Maya,
theseare basedon generatingshadersand displacement
maps.They arenot physically basedanddo not enableus
to alter the effectsunderthe surface[2]. For the purpose
of this project,we needa solutionbasedon the physical
theory of waves. Thereare several suitablesolutionsin-
cluding oneof the original models,StokesWavesaswell
as GerstnerWaves[19[14]. Both, however, have weak
pointsandarenot directly relatedto ary quanti able evi-
dence A suitablesystemwasrecentlydescribedn apaper
by Premozeand Ashikhmin[23. This systemis basedon

oceanographicesearctand controlledby obserable pa-
rametersuchaswind speedanddirection.

4 Implementation

As statedpreviously, the goal of the projectwasto cre-
ate physically accurateresults, the de nition of this is
somavhat vague. The ideal solutionwould be to be ca-
pableof recreatinga sceneasif the ervironmentactually
existed, being visually and measurablyindistinguishable
from real-world images[$. As thiswork concerns proof-
of-conceptwe will take physically accuratdo meanper
ceptually indistinguishable and not necessarilymeasur
ably precisedue to the modelling inconsistencieso the
real-world scenes.The systemis to be capableof repro-
ducingeffectsasdescribedn Section2.

Our researchs basedon existing modelling and ren-
deringmethods.Thesemethodsarehowever largely con-
cernedwith renderingof scenesbove water which s sig-
ni cantly differentto undervater Oneof our main con-
siderationss thusthe needfor anaccuratenethodof sim-
ulatingthe volumetricnatureof water takinginto account
light scattering/absorptiorRadiancealoneis notadequate
for renderingsuchsceneslueto its reverseray-tracingim-
plementation.Photonmappingcanbe usedto overcome
theseshorthlls and accuratelymodel effects suchas re-
fraction of light causingcaustics[11] [13]. The Fraun-
hofer ISE photon map which hasbeenimplementedto
work with Radiancecanbe usedfor this purposg3].

4.1 \olumetric Nature

Implementatiorof a volumetricshadetasto be capable
of replicatingthe scatteringof light within the ocean.This
scatteringvaries dependingupon the type of biological
materialin the ocean. Differenttypesand concentration
alter the perceptionof the ervironment. The systemalso
needso be capableof recreatingmurk, thatis, the Iter -
ing of light with depth. To modelthis, animplementation
of multiple scatteringandabsorptiorin anisotropicmedia
with non-uniformdensitydistributionswould be the most
accurate however, it would also be extremelytime con-
sumingto process.We thusfacea tradeoff betweenthe
accurag andcompleity of thevolumetricshaderandthe
timeit will taketo producemeaningfulimages.

The compromisewe chosewasto implementour sys-
tem using Radiances single-scatteapproximation. This
usesa Heyley-Greensteireccentricitymodelfor forward-
scattering(2) [16] which is mostsuitedto thin andlow-
albedoscattermedia. This materialis controlledby prop-
ertiesfor the in-scatter(light scatterednto view direc-
tion), out-scatter(light scatteredaway from view direc-
tion), andabsorption.The rate of absorptionis modelled
using the absorptioncoef®cient which is a function of
wavelength(3).The scatterfunctionis basedn thewave-
lengthof light andtheintegratedaverageof anglebetween



theincidentandscattedirection(4).Totallossof radiation
is a summatiorof bothof these(5).
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A crudelayering strat@y was usedto createa feeling
of murk within the scenesallowing greaterdepthsto ap-
peardarker thanthat of watercloserto the surface. This
layeringis currentlyonly discreteratherthana moresuit-
ableanalogueapproach.The interfacebetweerthe water
surfaceandthevolumetricmaterialrepresentinghe water
is also currently somevhat coarsedueto the compleity
requiredto developanaccuratelendingbetweerthetwo.
Both thesedimitationswill beaddresseth thefuture.

4.2 Lighting

A key factorto the realismof the sceneis to accurately
modelthe distribution of lighting of the SunandSky. In
particularwe needto considertheintenseradiationof the
sun and the redistrilutions within the sky. A Radiance
tool, gensly is usedto generatethis, basedon IES lumi-
naire data,with parameterso specifythe time andloca-
tion. To helpthe useranalysesuitableequipmentfor ex-
ploration,atool to experimentwith differenttypesof un-
derwaterlights wasimplemented.This tool allows users
to specifyparameterso accuratelycreatelights basedon
manufcturersinformationof standardights [21].

4.3 Surface Conditions

Dueto thedif culty of creatingthe surfaceof the water
a balanceis neededetweenaccurag, computationakf-
ciency and complity. Waves can be assumedo be
composedf a linear combinationof sinusoidalwavesas
a result of wind [4]. Experimentalstatisticalmeasure-
mentsof waveshave shavn they have Gaussiardistribu-
tions [7]. We have implementedwave generationusing
Fourier transform,basedon the work by Tessendor{24]
andMastinetal [4].

Implementationof the wave generatoiis split into the
following sections: main module,interfaceunit, corver
sion moduleand GUI. The main moduleis for key tech-
nicalimplementationéncludingthe Fouriertransform.To
convertinto thespeci ¢ modellingpackageeommandshe
interfaceunit is used. The conversionunit convertsunits
andmeasurementd.helnterfaceUnit andGUI aredepen-
dentuponthe modelling packagethe othertwo sections

canbe developedindependenof arny modellingpackage.
Implementatiorof the overall systemis similarly divided
into two sectionssceneggenerationandthe renderingen-
gine.

4.4 Scene Generation

Undervater scenegenerationcan be carriedout using a
variety of packages. For the purposeof this work, we
developeda packagebasedaroundMaya sinceit allows
easydevelopmentof toolsto increasets functionality In
thefuture our systemcouldincludeintegrationwith CAD
packageso that blueprintsfor submersedtructurescan
bedirectlyimportedinto our system.

Oncethe scenes generatedye useour developedex-
tensionto generatavavesto act asthe seasurface. This
extensionis developedusingMEL? scriptfor platformin-
dependenceThe script createsa surfaceto representhe
seasurfacebasednasetof speci edparametersA future
generatiorcouldbe carriedout using,for exampleC++,to
give abetterperformance.

4.5 Rendering Engine

Although this could be implementedn mary languages,
the main programwas developedin Java for easyproto-
typing and portability. In a future versionthis could be
implementedn C++. The renderingenginewas specif-
ically designedto prevent the userfrom having to learn
how to usethe renderingtools, Radianceand Fraunhofer
ISE photonmap. Within the renderingengineprogram,
parameterarespeci edfor theoriginal scenele, includ-
ing view pointandparameterso specifythescenegproper
ties (participatingmedia,sky light distribution, secondary
lighting). Therenderingenginethengeneratesen scene
le(s), alongwith anotherle providing Radiancewith in-
structionsasto how to renderthe scene. The new scene
les to includethe sceneparametersare createdandthe
Gensly andLampcolorprogramsareusedto generatehe
Sun/Sky light distribution andlighting propertiesrespec-
tively. To specify a viewpoint from which to renderthe
sceneascriptdevelopedby Gillibrand wasusedto export
acameraview point[6]. Radiancas thenrunin theback-
groundto renderthedesiredmage.

5 Results

In orderto testtheperformancef thesystemphotographs
of areal sceneweretaken, anda modelof it createdus-
ing Maya Generatedesultswerethencomparedo that
of the photograph Comparisonsverealsomadebetween
theaesthetidVlayarendererandour physically basedsys-
tem. The performancef the systemto accuratelycapture
factorssuchas bio-optic state,depth, light intensity and
position,andsecondaryighting wasalsoevaluated.
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Figure 1: Photographof sceneto be renderedthe Kor-
moranin theRedSea

Figure2: Mayarenderof scene

Figure3: Physically basedender

The selectedscenewasof a shipwreckin the RedSea.
Thescenéancludeseffectssuchascausticslight shaftsand
the undervaterphenomenonSnell's window. The water
is relatively low in marinelife, providing a predominantly
blue ervironment. The original scenecanbe seenin Fig-
ure 1. The scenerenderedn Mayais shavn in Figure2
andthephysically basedender Figure3.

A numberof techniqueshave beendevelopedto com-
pareimage delity[22][5][17] using numericaland per
ceptualmethods Perceptuamethodsof analysisaremost
suitedto comparingour imagesdueto the geometricmis-
alignmentswithin the scene.Although neitherthe Maya
or physically basedendersigni cantly resemblehe orig-
inal photographthis is primarily dueto the quality of the
modelling.It can,however beseernthatour renderingsys-
temproducesffectswhich have notbeenproducedy the
Mayaimage.Theincreasedccurag of our systemto re-
producethe volumetricnatureof thewaterandlight inter-
actionis apparent.

6 Conclusions

As the gures shaw, it is possibleto computegood ap-
proximationsof undervatersceneshut thereis still some
way to go beforewe canachieve thehigh delity required
by theundervaterindustry A numberof improvementgo
our systemarebeingconsidered.

To reducethe costof computation,only homogeneous
mediaand non spectralrenderingwere considered. Ac-
countingfor inhomogeneoumediaandspectrakendering
would allow a systemto be developedincorporatingin-
elasticscatteringaccountingor enepgy transferdetween
wavelengthsand curved ray pathsasa resultof Fermats
Principle.The Lucifer systemincorporatinghesewasde-
velopedby Gutierrezetal[9].

To minimiseprocessingompleity, whitecapsverenot
includedin wave generation.Whitecapsarethe foamon
waves,causedy abreakingvave dependentipontemper
aturedifferenceandchemistryof thewater For increased
realismtheseshouldbeincluded,asuitableapproximation
hasbeendevelopedby Monahan[18]. Anotherfeature
alsocurrentlyabsenfrom our systemis particulatematter
in thewater

An importantdevelopmentrequiredfor an interactve
systemis to implementa model of the suige and swell
presentn thesea.Improvedaccurayg of thesurfacemodel
andvolumetricrendereneeddo beconsideredextending
our modelto shallov water ervironments. Non-uniform
scatteringand particleswould also increaseaccurag of
thesystem.
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Figure4: Demonstratiorof volumetricrenderingfrom a
distance

Figure5: Exampleof refractionfrom seasurface
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