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Abstract

Humanirisesgaintheirappearancefrom alayeredandhighly com-
plex structurethatis dif�cult to modelandrenderwith conventional
techniques.We presentan approachthat usesdomainknowledge
from the �eld of ocularprosthetics.In that �eld, ocularistscreate
an arti�cial iris by paintingmany simplesemi-transparentlayers.
We translatethis methodologyinto a simpleandeffective toolkit
whichcanbeusedto createandrenderrealisticlooking irises.
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1 Intr oduction

While recentadvancesin modelingand renderinghave generally
facilitatedthe productionof realistic imagery, certainspecialized
modelingandrenderingtasksremaindif�cult. Onesuchchallenge
is presentedby thehumaneye,whichexhibits intricatedetailin the
iris thatis complex enoughto serve asanalternative to �ngerprints
for personalidenti�cation [Daugman1993].

Oneof the biggestchallengesin realisticrenderingis knowing
whatfeaturesof amodelareimportantfor realism,andwhatcanbe
ignored. This issueis particularlyvexing in iris synthesisbecause
the anatomicalliteratureis incomplete,and the salientaspectsof
iris appearancehave not beenstudied. However, we have a par-
ticularly fortunatesituationin iris synthesis:arti�cial eye makers
(ocularists)have developeda procedurefor physicaliris synthesis
thatresultsin eyeswith all theimportantappearancecharacteristics
of real eyes. Their procedurehasbeenre�ned over decades,and
themostcompletevalidationonecouldaskfor is providedby the
performanceof their productsin therealworld.

In this paper, we presentan approachthat enablesusersother
thantrainedoculariststo createa realisticlookinghumaneye,pay-
ingparticularattentionto theiris. Wedraw from domainknowledge
provided by oculariststo provide a toolkit thatallows the compo-
sition of a humaniris by layeringsemi-transparenttextures.These
textureslook decidedlypaintedandunrealistic.Thecompositedre-
sult, however, providesa senseof depthto the iris andtakeson a
level of realismthatwe believe hasnotbeenachievedbefore.

Previous work on renderingeyes has concentratedpredomi-
nantlyon producinggeometryfor facialanimation[Parke andWa-
ters1996] or for medicalapplications[Sagaret al. 1994]. Some
work hasfocusedonaccuratelymodelingthecornea[Halsteadetal.
1996;Barsky et al. 1999]. In contrast,the goal of this work is to
allow theeasycreationof realisticlooking irisesfor boththeocular
prostheticsandentertainmentindustries.

In Section2 we introducethe terminology for describingthe
anatomyof humaneyesandirises,both in termsof medicalappli-
cationsandfrom thepoint of view of ocularists.Our contribution
to the�eld of graphicsincludesthetranslationof thewayocularists
work to a simple,semi-automatedmethodof modelingandrender-
ing humanirises.This methodis presentedin Section3, while our
resultsarediscussedin Section4. Conclusionsaredrawn in Sec-
tion 5.

Figure1: Thehumaneye. Drawing by Karen Lefohn. Usedwith
permission.

2 The Human Eye

2.1 Overview

Thehumaneye is anorgandesignedfor photo-reception;i.e. con-
verting light energy to nerve action potentials. Theseaction po-
tentialsaresubsequentlyrelayedto the optic nerve andthe brain,
wherefurtherprocessingoccurs,resultingin consciousvision. All
structuresin the eye aresubservientto this physiologicalprocess
[Forresteretal. 2001].

The largeststructureof the eye is the sclera(Figure1), which
is approximatelysphericalwith a radiusof around11.5mm. The
corneasits somewhat in front of this structureandhasa radiusof
7.8mm. Thescleratakesaround5

�

6th of thecircumferenceof the
eye,while thecorneais responsiblefor theother1

�

6th. Thetransi-
tion zonebetweenscleraandcorneais calledthelimbusandhasa
fuzzy appearance.Theeye containsthreebasiclayers: the�brous
(corneo-scleral)coat,theuveaor uveal tract(choroid,ciliary body
and iris) and the neural layer (retina). Thesecoatssurroundthe
contentsof theeye,which arethelens,theaqueoushumorandthe
vitreousbody[Forresteret al. 2001]. Thecornea,with anindex of
refractionof 1.376,is responsiblefor mostof therefractive power
of theeye. After thecornea,light passesthroughtheaqueoushu-
mor (index of refraction1.336),thelens(index of refractionranges
from 1.386in the outer layersto 1.406at the center)andthe vit-
reousbody (index of refraction1.337)beforeit reachesthe retina
[Hecht1987].

2.2 The Iris

The iris is part of the uveal tract, which also includesthe ciliary
bodyandthechoroid. Its functionis to controltheamountof light
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Figure2: Crosssectionof the iris (adaptedfrom [Forresteret al.
2001]). Usedwith permission.

that reachesthe retina. Due to its heavy pigmentation,light can
only passthroughtheiris via thepupil, which contractsanddilates
accordingto the amountof available light. Irises are pigmented
with melaninandlipofuscin(alsoknown aslipochrome)[Sarnaand
Sealy1984; Delori and P�ibsen 1988; Clancy et al. 2000]. Iris
dimensionsvary slightly betweenindividuals,but on averageit is
12 mm in diameter[Forresteret al. 2001]. Its shapeis conicalwith
the pupillary margin locatedmore anteriorly than the root. The
anteriorsurfaceis divided into theciliary zoneandthepupil zone
by a thickenedregion calledthecollarette.Therearefour layersin
the iris: the anteriorborderlayer, the stroma,the dilator pupillae
muscleandtheposteriorpigmentepithelium(Figure2).

The anteriorborderlayer consistsmainly of a densecollection
of �broblasts andmelanocytes. It is de�cient in someareas,caus-
ing crypts,andheavily pigmentedin otherareas,which appearas
naevi. The stromais a layer of looselyconnectedtissuecontain-
ing collagen,melanocytes,mastcells andmacrophages.Many of
themacrophagesandmelanocytesareheavily pigmented.Thedila-
tor pupillaemuscleis responsiblefor dilation (mydriasis),which
normally occursin dark conditions. Its cells arenormally lightly
pigmented.Theposteriorpigmentepitheliumappearsblackmacro-
scopicallyandpreventslight from leakingthroughtheiris. Finally,
thesphincterpupillaemuscleis concentricandlies nearthepupil-
lary margin. It is responsiblefor contraction(miosis).

Theselayerstogetherdetermineeyecolorthroughacombination
of scatteringeffectsandpigmentation.Brown eyesaredueto heavy
pigmentationof theanteriorborderlayerwith eumelanin.Blueeyes
aredueto Rayleighscatteringof light in thestroma[Keating1988].
For lesstranslucenteyes,theresultingcolor is grey. Hazeleyesare
causedby acombinationof melaninin theanteriorborderlayerand
scattering.Yellow specksor patchesmayoccurdueto thepresence
of lipofuscin.

A modelof theiris shouldcapturetheshapeof theiris aswell as
its patternsandcolors. Thegeneralconicalshapecanbecaptured
by thesurfaceof revolution techniquedescribedin Section3. The
patternsthatareformedby cryptsandnaevi couldbeproducedpro-
cedurallyor couldbecapturedusingimagebasedtechniques.Un-
fortunately, suf�ciently detailedanatomicaldescriptionsof the iris
arenot availablein themedicalliterature.Moreover, imagebased
techniqueswould involve specializedequipmentof the kind nor-
mally foundonly in eyehospitals.By usingthedomainknowledge
of ocularprosthetics,we areableto producea practicalmethodto
modelandrenderirises.
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Figure3: Examplelayerscontainingstroma(S),collarette(C), lim-
bus(L), pupil (P) andsphinctermuscle(Sph)components.Layers
containingmultiplecomponentsare labeledwith multipleletters.

Although eachocularisthashis/herown style of painting and
workingmethodology, generalguidelinescanbeprovided.Ocular-
istspainteyesusingbetween30to 70differentlayersof paint,with
layersof clearcoatbetweenthem. The �rst layer, calledthe base
layer, containsthe mostdominantcolors found in the eye, andis
paintedon a blackopaqueiris button(Figure5). For a grey or blue
eye, this layer tendsto containa fair amountof white. For brown
eyes,this color may be darker. Eachsubsequentlayer consistsof
oneor two of thefollowing components(seealsoFigure3):

Stroma This componentcoversnearlyall of theiris areaandcon-
sistsof a numberof well de�ned dots,smeareddotsor radial
smears.

Collarette The collarettecomponentis con�ned to the inner half
of the iris andcontainseitherradialspokesor dots(the latter
beingeitherwell-de�ned or smeared).

Sphincter Thesphinctercomponentis usuallya coloredring, ly-
ing closeto thepupil.

Limb us The borderbetweenthe corneaandthe sclerais usually
madefuzzy anddarker thantherestof theeye. Althoughnot
completelyanatomicallycorrect,this componentis normally
paintedaspartof theiris.

Pupil Thepupil is normallypaintedin multiple layersandappears
simplyasa blackdot.

The amountof detail visible in the iris variesfrom personto per-
sonand is correlatedto eye color. Brown eyes tend to have less
detailandhave a smudgedor smearedappearance,whereaslighter
eye colorsshow moredetail. Ocularistsdistinguishbetweenthree
differenttypesof eye with thedescriptive names:smeared,dit-dot
anddetail. While every eye will containeachof the components
listedabove, a smearedeye will predominantlyconsistof smeared
versionsof the stroma,collaretteandsphinctercomponents.Dit-
dot anddetail eyeson the otherhand,containmorewell-de�ned
paintedlayers.

The numberof different paint colors is typically lessthan 10.
An exampleof the basecolors derived from thesepaintsusedto
produceprostheticeyesis givenin Figure4. Thesebasecolorsare
thenpairwisemixedto form theprevailing color for eachlayer.
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Figure4: Paint mixturesthatareusuallypairwisemixedto formthe
color for each layer.

Figure5: Typicalbaselayers for blueeyes(�r st three),a greeneye
anda browneye.

3 Method

Ouraimis to provideapracticalmethodthatallowsusersto createa
believablerenditionof a humaneye,andin particularahumaniris.
Theapproachis basedona smallsetof simpletechniquesto create
3D geometry, to createrealisticiris patternsandcolorations,andto
renderthe result. Eachof thesestagesis detailedin the following
sections.

3.1 Eye Geometr y

Although the humaneye is slightly asymmetricalandthe pupil is
placedslightly off-center[Hogan et al. 1971], for most practical
purposesthehumaneye canbethoughtof assymmetricalwith re-
spectto theline of sight.

In renderersthatcandirectly renderconstructive solidgeometry
(CSG) models,the geometryof the humaneye may be approxi-
matedby two spheres,asshown in Figure6. However, many ren-
derersdonotdirectlysupportCSG,andwethereforepresentacon-
venientalternative. All partsof theeye canbemodeledwith prim-
itives called “frustums of right circular cones”, i.e. megaphone-
shapedobjects,which from hereon we will call cones.This prim-
itive waschosenover morepowerful modelingprimitivessuchas
splinesbecausegeneratingthe3D modelfrom a 2D drawing using
conesis trivial, asexplainednext. Simplerprimitivessuchastrian-
glesor polygonswould alsopresentunnecessarychallengesin the
modelingstage.

To capturetheshapeof thesclera,iris andcornea,we startwith
a 2D crosssectionwhich is to scale,suchas�gure 6 or 7. A cone
is speci�ed by two 3D positionvectorsrepresentingthe centerof
the cone's top andbottom. Associatedwith thesetwo centersare
two radii. Thecentercoordinatesarefoundby measuringin the�g-
ure their distancesto theorigin of themodel,which we arbitrarily
chooseto beasindicatedin Figure7. Theradii aremeasuredsim-
ilarly. The surfacebeingmodeledcanbe madearbitrarily smooth
by choosingasmallerconeheight.Thesepiecewise-linearsurfaces
of revolutionareusedto modeltheentireeye.

This approachemphasizeseaseof modeling,but createsmod-
els thataresomewhat inef�cient to render. Theconeshave a wide
base,but arenot very high, leadingto an awkward shapeto ren-
der ef�ciently with currentlypopularspatialsubdivision methods.
For example,for agrid thenumberof voxelsalongthez-axiscould
adaptedto thenumberof cones.However, asmallnumberof voxels

Sclera

Cornea

p
[Forresteretal. 2001]:

Derivedquantities

d q
a

r2
r1

p � 5 � 8 mm
q � 5 � 3 mm
d � q � 10� 0 mm
d � 4� 7 mm

a � p � 6
r2 � 7 � 8 mm
r1 � 11� 5 mmC1

C2

Figure6: Crosssectionof a humaneye, drawnto scale. Thegeom-
etryof a humaneyecanbeapproximatedby two sphereswith radii
of r1 �

11� 5 mm.andr2 �

7 � 8 mm.ThecentersC1 andC2 of these
spheresshouldbeapproximatelyd

�

4 � 7 mm.apart.

in thex andy directionswould leadto too many intersectiontests,
whereasa largenumberof voxelswould leadto many emptycells,
makingray traversaltooexpensive.

Origin (0, 0, 0)

q1 q2 q3

Cone2: 0 0 � q2 0 0 � q3 d2 d3

Cone1: 0 0 � q1 0 0 � q2 d1 d2

d1 d2 d3

Figure7: Creatinga 3D modelconsistingof conesby tracingcoor-
dinates.Distancesqi are measuredwith respectto theorigin, and
radii di are measuredfromthecenteraxis.Notethat this �gure has
beendrawnto scale.

We limit ourselves to modelingthe sclera,iris andcornea,be-
causeother partsof the eye, suchas the lens, the vitreousbody
andthe retina,only contribute to the renderedresultsin very rare
andspeci�c cases.An examplewhich we arecurrentlynot ableto
recreateis light scatteringoff the backof the retina. Theaqueous
humoris notmodeledbecauseits index of refractionis verysimilar
to thatof thecornea.Hence,its contribution to therenderedresult
is small. Ocularistsalsomake this assumptionwhenbuilding an
ocularprosthesis.

3.2 Iris Synthesis

The iris is one of the most distinguishingfeaturesof the human
eye. We model its geometrywith a numberof closely stacked
conesrepresentingthelayersthatanocularistwouldpaint.Because
anocularistwould alternatelayersof paintwith layersof varnish,
the conesareplacedclosetogether, but far enoughapartto avoid
numericalinstabilities. The conesare texture-mappedwith semi-
transparenttextures,suchasthosein Figure3, with the exception
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of thebaselayerwhich is opaqueandis texture-mappedwith tex-
turessimilar to thosein Figure5.

The semi-transparentlayersare scannedusing a conventional
�at-bed scannerand the amountof transparency for eachtexel is
inferredfrom thesescansby convertingthemto gray-scaleandthen
invertingthegrayvalues,resultingin anopacitymapfor eachlayer.
The opacity value can then be interpretedas paint density. This
worksundertheempiricalobservationthattransmissionandre�ec-
tion aresimilar for thepaintswe use.

Giventhelimited numberof basecolorsusedby ocularists,and
the fact that for eachlayer only two of thesecolorsaremixed to
producethe dominantcolor for that layer, it is possibleto select
a singlecolor for eachof the layersby interpolatingbetweentwo
paintcolors,whichweperformin HSL space.Therearenospeci�c
rulesasto which two colors(Figure4) canbemixed.

After the baselayer is selected,a numberof semi-transparent
layersare overlaid. The patternsareselectedfrom Figure3 and
a singlecolor is assignedto the transparency map. The choiceof
which patternsto apply andin which order is essentiallyfree, al-
thoughoculariststendto gobackandforth betweenstroma,sphinc-
ter, collarette,limbusandpupil layers.Therepeatedapplicationof
high frequency, fairly opaquelayersandmoretransparent,cloudy
layerscontributessigni�cantly to the appearanceof depth in the
resultingmodel. Note that in our model, the pupil is de�ned im-
plicitly by the hole in the centerof the iris cones,so the painted
pupil is not visible.

3.3 Rendering

For renderingtheresultingmodel,weusearay tracerwhich is able
to renderconeswith transparentand opaquetextures,as well as
dielectricandglossymaterials. The paintedlayersareappliedto
theiris conesusingasemi-opaquepaintmodel.In thismodel,aray
incidenton a paintedlayerreturnsacolor computedwith

R �

�

1 � a � T � aCL � (1)

In this equation,a is the opacityvaluereadfor a particularinter-
sectionpoint from the opacitymap,T is the result returnedfrom
shootinga ray in the transmitteddirection (index of refractionis
1 � 0 for layers),C is the paint color andL is the result of shoot-
ing a ray towardseachlight source. Shadow raysthat intersecta
semi-transparenttextureareattenuatedby

L ���

�

1 � a � aCL � (2)

with L
�

beingthe attenuatedcolor. Note that shadow raysareat-
tenuatedby thecolor of eachlayer throughwhich they pass.This
modeldoesnot includeRayleighscattering,becausewe aresimu-
latingeyeprostheses,not realhumaneyes.

Justas an ocularistpaintsthe fuzzy appearanceof the limbus
onto the iris, we have blendedthe iris into the scleraby applying
anopacitymapto asmallconethatsitsjust above thetop-mostiris
layer. Theopacitymapblendsfrom completelytransparent,at its
inner-mostpoint, to completelyopaqueas it meetsthe sclera. A
similar techniqueis usedto softentheappearanceof thepupillary
margin. To enhancethe visual richnessof the images,we added
environmentmapsfor bothbloodvesselsandarealight sources.

4 Results

Our methodis capableof creatingpatternsandcolors that match
existinghumanirises.Weshow resultsfor threeeyegroups:brown,
blueandgreen.For thegreeneye,a matchedocularprosthesiswas
created.Figure8 shows this prosthesisalongsidea photographof
the sameeye anda renderingcreatedwith our method. Note that

the matchbetweenthe real eye andthe renderedeye is close,but
not identical. The sameis true for the prostheticeye. Thus,our
methodproducesresultsthatareof similarqualityasthoseobtained
by ocularists.

Ourmethodmimicstheocularist'sapproachby addingonelayer
ata timeto themodelandrenderinganintermediateresult.Thisal-
lows the incrementalcreationof an iris usingsingle layerstaken
from our standardlibrary of textures, althoughadditional layers
could be easily paintedin standardpaint programs. An example
of theprogressionof work that led to the renderingof Figure8 is
given in Figure9. Furtherexamplesof a renderedbrown eye with
12 layersanda blueeyewith 50 layersaregivenin Figure10.

5 Discussion

We have presenteda simpleandeffective methodto createirises
usingideastaken from the �eld of ocularprosthetics.The results
obtainedwith our methodareof similar quality to thoseobtained
by ocularists. The methodwill be useful in applicationsranging
from entertainmentto ocularprosthetics.For ocularistsourmethod
would provide a valuableadditionalpre-visualizationtool, allow-
ing layersof “paint” to beremovedor alteredatany timeduringthe
process.Currently, anocularistpaintsaneye usingsmallandcon-
servative steps.Ourpre-visualizationtool wouldallow anocularist
to createandalteranew iris onthecomputerbeforecommittinghis
work to paintaswell asshowing thepatienta digital prototypeof
theprosthesis.
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