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Abstract

Humanirisesgaintheirappearancé&om alayeredandhighly com-
plex structurethatis dif cult to modelandrendewith corventional
techniques.We presentan approachthat usesdomainknowledge
from the eld of ocularprosthetics.In that eld, ocularistscreate
an arti cial iris by paintingmary simple semi-transpareriyers.
We translatethis methodologyinto a simple and effective toolkit
which canbe usedto createandrendemrealisticlooking irises.
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1 Introduction

While recentadwancesin modelingand renderinghave generally
facilitatedthe productionof realisticimagery certainspecialized
modelingandrenderingtasksremaindif cult. Onesuchchallenge
is presentedby the humaneye, which exhibitsintricatedetailin the

iris thatis complex enoughto sene asanalternatve to ngerprints

for personaldenti cation [Daugman1993].

Oneof the biggestchallengesn realisticrenderingis knowing
whatfeatureof amodelareimportantfor realism,andwhatcanbe
ignored. This issueis particularlyvexing in iris synthesisbecause
the anatomicalliteratureis incomplete,and the salientaspectsof
iris appearancéave not beenstudied. However, we have a par
ticularly fortunatesituationin iris synthesis:arti cial eye malers
(ocularists)have developeda procedurefor physicaliris synthesis
thatresultsin eyeswith all theimportantappearanceharacteristics
of real eyes. Their procedurehasbeenre ned over decadesand
the mostcompletevalidationone could askfor is provided by the
performancef their productsin therealworld.

In this paper we presentan approachthat enablesusersother
thantrainedoculariststo createa realisticlooking humaneye, pay-
ing particularattentiorto theiris. We drav from domainknowledge
provided by oculariststo provide a toolkit thatallows the compo-
sition of a humaniris by layeringsemi-transpareriextures. These
textureslook decidedlypaintedandunrealistic. Thecompositede-
sult, however, providesa senseof depthto theiris andtakeson a
level of realismthatwe believe hasnotbeenachiezed before.

Previous work on renderingeyes has concentratecoredomi-
nantly on producinggeometryfor facialanimation[Parke andWa-
ters 1996] or for medicalapplications[Sagaret al. 1994]. Some
work hasfocusednaccuratelymodelingthecornegHalsteacetal.
1996; Barsky etal. 1999]. In contrastthe goal of this work is to
allow theeasycreationof realisticlooking irisesfor boththeocular
prostheticandentertainmenindustries.

In Section2 we introducethe terminologyfor describingthe
anatomyof humaneyesandirises,bothin termsof medicalappli-
cationsandfrom the point of view of ocularists.Our contrikution
tothe eld of graphicsncludesthetranslatiorof theway ocularists
work to asimple,semi-automatechethodof modelingandrender
ing humanirises. This methodis presentedn Section3, while our
resultsarediscussedn Section4. Conclusionsaredravn in Sec-
tion 5.

Figurel: Thehumaneye Drawing by Karen Lefohn. Usedwith
permission.

2 The Human Eye

2.1 Overview

The humaneye is an organdesignedor photo-receptioni.e. con-
verting light enegy to nene action potentials. Theseaction po-
tentialsare subsequentlyelayedto the optic nene andthe brain,
wherefurther processingccurs resultingin consciousvision. All
structuresn the eye are subserviento this physiologicalprocess
[Forresteretal. 2001].

The largeststructureof the eye is the sclera(Figure 1), which
is approximatelysphericalwith aradiusof around11.5mm. The
corneasits somavhatin front of this structureandhasa radiusof
7.8mm. Thescleratakesarounds 6™ of the circumferenceof the

eye,while thecorneais responsibldor theotherl 6". Thetransi-
tion zonebetweerscleraandcorneais calledthelimbusandhasa
fuzzy appearanceThe eye containsthreebasiclayers:the brous
(corneo-scleralyoat,the uveaor uvealtract(choroid,ciliary body
andiris) andthe neurallayer (retina). Thesecoatssurroundthe
contentsof the eye, which arethe lens,the aqueousiumorandthe
vitreoushody [Forresteret al. 2001]. The corneawith anindex of
refractionof 1.376,is responsibldor mostof the refractive power
of theeye. After the cornea light passeshroughthe aqueousu-
mor (index of refraction1.336),thelens(index of refractionranges
from 1.386in the outerlayersto 1.406at the center)andthe vit-
reousbody (index of refraction1.337)beforeit reacheghe retina
[Hecht1987].

2.2 Thelris

Theiris is part of the uveal tract, which alsoincludesthe ciliary
bodyandthechoroid. Its functionis to controlthe amountof light
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Figure2: Crosssectionof the iris (adaptedfrom [Forresteret al.
2001]). Usedwith permission.

that reacheghe retina. Due to its heary pigmentation light can
only passthroughtheiris via the pupil, which contractsanddilates
accordingto the amountof available light. Irises are pigmented
with melaninandlipofuscin(alsoknown aslipochrome)[Sarnaand
Sealy1984; Delori and P ibsen 1988; Clang et al. 2000]. lIris
dimensionsvary slightly betweenindividuals, but on averageit is
12 mmin diameter{Forresteretal. 2001]. Its shapds conicalwith
the pupillary magin locatedmore anteriorly than the root. The
anteriorsurfaceis dividedinto the ciliary zoneandthe pupil zone
by athickenedregion calledthe collarette. Therearefour layersin
theiris: the anteriorborderlayer, the stroma,the dilator pupillae
muscleandthe posteriopigmentepithelium(Figure2).

The anteriorborderlayer consistsmainly of a densecollection
of broblastsandmelanogtes. It is de cient in someareasgcaus-
ing crypts,andheaily pigmentedn otherareaswhich appearas
naevi. The stromais a layer of loosely connectedissuecontain-
ing collagen,melanogtes, mastcells and macrophagesMary of
themacrophageandmelanogtesareheaily pigmentedThedila-
tor pupillae muscleis responsibldor dilation (mydriasis),which
normally occursin dark conditions. Its cells are normally lightly
pigmented The posteriompigmentepitheliumappearblackmacro-
scopicallyandpreventslight from leakingthroughtheiris. Finally,
the sphinctermpupillaemuscleis concentricandlies nearthe pupil-
lary magin. It is responsibldor contraction(miosis).

Thesdayerstogethedeterminesye colorthroughacombination
of scatteringeffectsandpigmentation Brown eyesaredueto heary
pigmentatiorof theanterioborderayerwith eumelaninBlue eyes
aredueto Rayleighscatteringof light in thestromalK eating1988].
For lesstranslucengyes,theresultingcoloris grey. Hazeleyesare
causedy acombinationof melaninin theanteriorborderlayerand
scattering.Yellow speckwr patchesnayoccurdueto thepresence
of lipofuscin.

A modelof theiris shouldcapturethe shapeof theiris aswell as
its patternsandcolors. The generalconicalshapecanbe captured
by the surfaceof revolution techniquedescribedn Section3. The
patternghatareformedby cryptsandnaei couldbeproducedpro-
cedurallyor could be capturedusingimagebasedechniquesUn-
fortunately sufciently detailedanatomicaldescriptionsof theiris
arenot availablein the medicalliterature. Moreover, imagebased
techniguesvould involve specializedequipmentof the kind nor
mally foundonly in eye hospitals By usingthe domainknowledge
of ocularprostheticsyve areableto producea practicalmethodto
modelandrenderirises.
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Figure3: Exampldayers containingstroma(S),collarette(C), lim-
bus (L), pupil (P) and sphinctermuscle(Sph)componentsLayers
containingmultiple componentsare labeledwith multipleletters.

Although eachocularisthashis/herown style of paintingand
working methodologygeneralguidelinescanbe provided. Ocular
istspainteyesusingbetweer80to 70 differentlayersof paint,with
layersof clearcoatbetweenthem. The rst layer, calledthe base
layer, containsthe mostdominantcolorsfoundin the eye, andis
paintedon a blackopaqueiris button (Figure5). For agrey or blue
eye, this layer tendsto containa fair amountof white. For brovn
eyes, this color may be darker. Eachsubsequeniayer consistsof
oneor two of thefollowing componentgseealsoFigure3):

Stroma This componentoversnearlyall of theiris areaandcon-
sistsof a numberof well de ned dots,smearediotsor radial
smears.

Collarette The collarettecomponenis con ned to the inner half
of theiris andcontainseitherradial spolesor dots(the latter
beingeitherwell-de ned or smeared).

Sphincter The sphinctercomponentis usuallya coloredring, ly-
ing closeto the pupil.

Limbus The borderbetweenthe corneaandthe sclerais usually
madefuzzy anddarker thanthe restof the eye. Althoughnot
completelyanatomicallycorrect,this componenis normally
paintedaspartof theiris.

Pupil Thepupilis normallypaintedin multiple layersandappears
simply asablackdot.

The amountof detail visible in the iris variesfrom personto per
sonandis correlatedto eye color. Brown eyestendto have less
detailandhave a smudgecdr smearedppearancaeyhereadighter
eye colorsshav moredetail. Ocularistsdistinguishbetweerthree
differenttypesof eye with the descriptve names:smeareddit-dot
anddetail. While every eye will containeachof the components
listedabove, a smearedeye will predominantlyconsistof smeared
versionsof the stroma,collaretteand sphinctercomponents.Dit-
dot and detail eyes on the otherhand, containmore well-de ned
paintedlayers.

The numberof differentpaint colorsis typically lessthan 10.
An exampleof the basecolors derived from thesepaintsusedto
produceprostheticeyesis givenin Figure4. Thesebasecolorsare
thenpairwisemixedto form the prevailing color for eachlayer
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Figure4: Paint mixturesthatare usuallypairwisemixedto formthe
color for eadh layer.

Figure5: Typical baselayers for blueeyes( r stthree),a greeneye
anda browneye

3 Method

Ouraimisto provide apracticaimethocthatallows usersto createa
believablerenditionof a humaneye, andin particulara humaniris.
Theapproachs basedon a smallsetof simpletechniqueso create
3D geometryto createrealisticiris patternsandcolorationsandto
renderthe result. Eachof thesestagess detailedin the following
sections.

3.1 Eye Geometry

Although the humaneye is slightly asymmetricabndthe pupil is
placedslightly off-center[Hogan et al. 1971], for most practical
purposeghe humaneye canbe thoughtof assymmetricalwith re-
spectto theline of sight.

In rendererghatcandirectly renderconstructve solid geometry
(CSG) models,the geometryof the humaneye may be approxi-
matedby two spheresasshavn in Figure6. However, mary ren-
derersdo notdirectly supportCSG,andwe thereforepresenticon-
venientalternatve. All partsof the eye canbe modeledwith prim-
itives called “frustums of right circular cones”,i.e. megaphone-
shapedbjects,which from hereon we will call cones.This prim-
itive was chosenover more powerful modelingprimitivessuchas
splinesbecausegyeneratinghe 3D modelfrom a 2D drawing using
coness trivial, asexplainednext. Simplerprimitivessuchastrian-
glesor polygonswould alsopresentunnecessarghallengesn the
modelingstage.

To capturethe shapeof the sclera,iris andcorneawe startwith
a 2D crosssectionwhichiis to scale,suchas gure 6 or 7. A cone
is speci ed by two 3D position vectorsrepresentinghe centerof
the cones top andbottom. Associatedwith thesetwo centersare
two radii. Thecentercoordinategrefoundby measuringn the g-
uretheir distancego the origin of the model,which we arbitrarily
chooseto be asindicatedin Figure7. Theradii aremeasuredim-
ilarly. The surfacebeingmodeledcanbe madearbitrarily smooth
by choosinga smallerconeheight. Thesepiecavise-linearsurfaces
of revolution areusedto modeltheentireeye.

This approachemphasizegaseof modeling, but createsmod-
elsthataresomavhatinef cient to render The coneshave awide
base,but are not very high, leadingto an awkward shapeto ren-
derefciently with currentlypopularspatialsubdvision methods.
For example for agrid the numberof voxelsalongthe z-axiscould
adaptedo thenumberof cones.However, asmallnumberof voxels
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ri 115mm

r, 78mm

a pé6

Derived quantities

p 58mm
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Figure6: Crosssectionof a humaneye drawnto scale Thegeom-
etry of a humaneye canbe apptroximatedby two spheeswith radii
ofry 115mm.andr, 78 mm.ThecentesC; andC, ofthese
spheesshouldbeapproximatelyd 4 7 mm.apart.

in the x andy directionswould leadto too mary intersectiortests,
whereasa large numberof voxelswould leadto mary emptycells,
makingray traversaltoo expensve.
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Figure7: Creatinga 3D modelconsistingof conesbytracingcoor
dinates.Distancesy; are measued with respecto the origin, and
radii di are measuedfromthecenteraxis. Notethatthis gurehas
beendrawnto scale

We limit oursehesto modelingthe sclera,iris and cornea,be-
causeother partsof the eye, suchasthe lens, the vitreous body
andtheretina, only contrikute to the renderedresultsin very rare
andspeci c cases An examplewhich we arecurrentlynot ableto
recreatds light scatteringoff the backof theretina. The aqueous
humoris notmodeledbecausdts index of refractionis very similar
to thatof the cornea.Hence,its contritution to the renderedesult
is small. Ocularistsalso make this assumptiorwhen building an
ocularprosthesis.

3.2 Iris Synthesis

The iris is one of the most distinguishingfeaturesof the human
eye. We model its geometrywith a numberof closely stacled
conegepresentinghelayersthatanocularistwould paint. Because
anocularistwould alternatdayersof paintwith layersof varnish,
the conesare placedclosetogethey but far enoughapartto avoid
numericalinstabilities. The conesare texture-mappedvith semi-
transparentextures,suchasthosein Figure 3, with the exception
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of the baselayerwhich is opaqueandis texture-mappedvith tex-
turessimilarto thosein Figure5.

The semi-transparenfayers are scannedusing a corventional

at-bed scannerand the amountof transpareng for eachtexel is
inferredfrom thesescansy corvertingthemto gray-scalendthen
invertingthegrayvalues resultingin anopacitymapfor eachlayer.
The opacity value canthen be interpretedas paint density This
worksundertheempiricalobsenationthattransmissiorandre ec-
tion aresimilar for the paintswe use.

Giventhe limited numberof basecolorsusedby ocularistsand
the fact that for eachlayer only two of thesecolors are mixed to
producethe dominantcolor for that layer, it is possibleto select
a singlecolor for eachof the layersby interpolatingbetweentwo
paintcolors,whichwe performin HSL space Therearenospeci ¢
rulesasto whichtwo colors(Figure4) canbe mixed.

After the baselayer is selected,a numberof semi-transparent
layersare overlaid. The patternsare selectedfrom Figure 3 and
a singlecolor is assignedo the transparenc map. The choiceof
which patternsto apply andin which orderis essentiallyfree, al-
thoughocularistg¢endto go backandforth betweerstromasphinc-
ter, collarette limbusandpupil layers. Therepeatedpplicationof
high frequeng, fairly opaquelayersand moretransparentcloudy
layers contritutes signi cantly to the appearancef depthin the
resultingmodel. Note thatin our model, the pupil is de ned im-
plicitly by the hole in the centerof the iris cones,so the painted
pupil is notvisible.

3.3 Rendering

For renderingheresultingmodel,we usearay tracerwhichis able
to renderconeswith transparentind opaquetextures,aswell as
dielectricand glossymaterials. The paintedlayersare appliedto
theiris conesausinga semi-opaqueaintmodel.In thismodel,aray
incidenton a paintedlayerreturnsa color computedvith

R 1 aT aCL Q)

In this equation,a is the opacityvaluereadfor a particularinter
sectionpoint from the opacitymap, T is the resultreturnedfrom
shootinga ray in the transmitteddirection (index of refractionis
10 for layers),C is the paint color andL is the resultof shoot-
ing a ray towardseachlight source. Shadav raysthatintersecta
semi-transparenéxture areattenuatedby

L 1 aaCL (2)

with L beingthe attenuatectolor. Note thatshada raysare at-
tenuatedby the color of eachlayer throughwhich they pass.This
modeldoesnot include Rayleighscatteringbecauseve aresimu-
lating eye prosthesesjotrealhumaneyes.

Justas an ocularistpaintsthe fuzzy appearancef the limbus
onto the iris, we have blendedthe iris into the scleraby applying
anopacitymapto asmallconethatsitsjust above the top-mostiris
layer The opacitymapblendsfrom completelytransparentat its
innermostpoint, to completelyopaqueasit meetsthe sclera. A
similar techniques usedto softenthe appearancef the pupillary
maugin. To enhancehe visual richnessof the images,we added
ervironmentmapsfor bothbloodvesselandarealight sources.

4 Results

Our methodis capableof creatingpatternsand colorsthat match
existing humanirises. We shaw resultsfor threeeye groups:brown,
blueandgreen.For the greeneye, amatchedcularprosthesisvas
created.Figure8 shaws this prosthesislongsidea photograptof
the sameeye anda renderingcreatedwith our method. Note that

the matchbetweenthe real eye andthe rendereckye is close,but
not identical. The sameis true for the prostheticeye. Thus, our
methodproducesesultsthatareof similar quality asthoseobtained
by ocularists.

Ourmethodmimicstheocularists approactby addingonelayer
atatimeto themodelandrenderinganintermediateesult. This al-
lows the incrementalcreationof aniris usingsingle layerstaken
from our standardlibrary of textures, althoughadditional layers
could be easily paintedin standardpaint programs. An example
of the progressiorof work thatled to the renderingof Figure 8 is
givenin Figure9. Furtherexamplesof a renderedrown eye with
12 layersandablueeye with 50 layersaregivenin Figurel0.

5 Discussion

We have presentedh simple and effective methodto createirises
usingideastaken from the eld of ocularprosthetics.The results
obtainedwith our methodare of similar quality to thoseobtained
by ocularists. The methodwill be usefulin applicationsranging
from entertainmento ocularprostheticsFor ocularistsour method
would provide a valuableadditionalpre-visualizatiortool, allow-

ing layersof “paint” to beremovedor alteredatary time duringthe
process Currently anocularistpaintsaneye usingsmallandcon-
senative steps.Our pre-visualizatiortool would allow anocularist
to createandalteranew iris onthecomputebeforecommittinghis

work to paintaswell asshaving the patienta digital prototypeof

theprosthesis.
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