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Abstract

Recently, light interactions with organic matter have become the object of de-

tailed investigations by image synthesis researchers. Besides allowing these materi-

als to be rendered in a more intuitive manner, these efforts aim to extend the scope

of computer graphics applications to areas such as applied optics and biomedical

imaging. There are, however, organic materials that still lack predictive simulation

solutions. Among these, the ocular tissues, especially those forming the human iris,

pose the most challenging modeling problems which are often associated with data

scarcity. In this thesis, we describe the first biophysically-based light transport

model for the human iris ever presented in the scientific literature. The proposed

model algorithmically simulates the light scattering and absorption processes oc-

curring within the iridal tissues, and computes the spectral radiometric responses

of these tissues. Its design is based on the current scientific understanding of the

iridal morphological and optical characteristics, and it is controlled by parameters

directly related to these biophysical attributes. The accuracy and predictability

of the spectral results provided by the model are evaluated through comparisons

with actual measured iridal data, and its integration into rendering frameworks is

illustrated through the generation of images depicting iridal chromatic variations.
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Chapter 1

Introduction

The realistic rendering of human features has always been a challenge for the com-

puter graphics community. Although it is still true that the closer a rendered face

resembles that of a real human, the more critical is our perception of it [93], no-

table progress has been achieved in the generation of believable images of virtual

humans. Consequently, it is natural that we as researchers attempt to go a step

further by looking for modeling solutions that can also lead to predictable images

[32, 70]. Although these solutions usually require more resources and time to be

developed and properly evaluated using actual measured data, they can make the

image synthesis process more automatic and facilitate the reproduction of realistic

results. Furthermore, a predictive modeling approach has a broad scope of scientific

applications. Despite recent multidisciplinary efforts in this area, however, there

are still human features for which predictive rendering solutions are either scarce

or nonexistent. In this thesis, we investigate one of these features, namely the hu-

man iris (Figure 1.1), arguably the most striking ocular structure affecting facial
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Figure 1.1: An iridal image rendered using the proposed model and framed by an
artist’s conception of the human eye.

appearance. Appropriately, it takes its name from ιρις, the Greek goddess of the

rainbow [43, 96].

1.1 Previous Related Work

The human iris is a complex optical system, and its characteristic spectral signature

is represented by chromatic attributes (e.g., hue and saturation [102]) which are

among the most readily discernible traits of the human phenotype [97]. These at-

tributes are associated with the spectral light distribution of the iridal tissues, and

researchers from different fields have been studying the photobiological properties

of these tissues for decades. In colorimetry1, the investigations are oriented towards

the measuring and classification of iridal chromatic attributes [57, 75, 82, 41], and

the study of their dependence [40] on the distribution and content of iridal chro-

mophores (pigments) [43] and ocular drugs [30]. In computer vision, researchers use

1The study of colour measurement [40].
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iridal chromaticity (specified by the dominant wavelength and purity of the iridal

colour [102]) in estimations of environmental illumination [91]. In the medical field,

the research efforts are focused on the relationship between iridal pigmentation

and the incidence of several eye diseases such as the degeneration of ocular tissues

[79, 39, 16] and melanoma [2, 95, 71]. In biophysics and investigative ophthalmol-

ogy, researchers examine the relationship between iridal chromatic attributes and

phenomena such as the pupil size and pupillary light reflex [6, 99]. It is worth noting

that, although mechanical [101] and computational models [19, 35, 36, 68, 89] have

been proposed in the biomedical literature to investigate the processes that control

the amount of light that enters the human eye, these models are aimed at the light

interactions with ocular fundus tissues such as the retina. The processes of light

propagation and absorption within the iridal tissues are outside the scope of these

models. Incidentally, the human iris is also object of investigation in biometrics due

to the uniqueness of its texture patterns (the probability of two irides agreeing is

about one in seven billion [14]), which can be used in identification methodologies

[9, 61, 96].

In the computer graphics literature, few papers related to the human eye’s ap-

pearance have been published to date. In their research aimed at ocular surgical

simulations, Sagar et al. [73] used a Gouraud shaded polygon with colours specified

by a colour ramp to represent the human iris. Halstead et al. [34] proposed an al-

gorithm for the reconstruction of curved surfaces from specular reflection patterns

that can be applied on the measurement of the outermost ocular tissue, namely

the human cornea. Lefohn et al. [50] presented the first biologically motivated

algorithm specifically designed for the rendering of realistic looking irides. Their
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modeling approach is based on an ocular prosthetics methodology. According to

Lefohn et al. [50], the development of a biophysically-based procedural solution

for the rendering of the human iris would have to overcome obstacles associated

with the inherent complexity of the iridal tissues and data scarcity. Despite the

fact that the biophysical processes of light interaction with these tissues have not

been simulated by Lefohn et al. [50], it is important to note that their modeling

approach includes the geometrical attributes of the human iris, and it can produce

believable images of the human eye. Also aiming at iridal image synthesis, but

using an image processing paradigm, Wecker et al. [94] proposed a technique to

decompose iridal images into several components. These are then recombined to

generate a new image. Recently, Deering [15] presented an algorithm to model ocu-

lar photoreceptor cells, and carefully examined visual perception issues. Although

his work was not aimed at the rendering of the human iris, it further expanded the

biophysical foundation for eye-related research in computer graphics.

1.2 Thesis Contribution

In this thesis, we propose a novel predictive light transport model for the human

iris. Our investigation is aimed at computer graphics and tissue optics applications,

and it focus on light-matter interaction issues, i.e., morphogenetic issues responsible

for the distinctiveness of the iridal texture patterns are beyond the scope of this

work. The proposed iridal light transport model, henceforth referred to as the ILIT

model, takes into account the mechanisms of light propagation and absorption in

the iridal tissues, and it is controlled by biophysically meaningful parameters.
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The ILIT model is implemented using Monte Carlo techniques [37, 66], whose

applicability to the development or testing of models of light interaction with human

tissues has been verified by biomedical scientists [98, 92, 67, 84] and computer

graphics researchers [38, 62, 78, 53, 48, 21]. Its accuracy and predictability are

evaluated through comparisons of modeled results with actual measured iridal data,

as well as observations of actual phenomena reported in the scientific literature.

The complete biophysical data set used in our evaluation experiments is provided

so that they can be seamlessly reproduced by computer graphics and biomedical

researchers. We also present images of human irides rendered using the ILIT model

to illustrate its qualitative capabilities and its potential use in image synthesis

pipelines.

1.3 Thesis Organization

The remainder of this thesis is organized as follows. The next chapter, Biophysical

Background, provides a concise overview of the human eye, and a more detailed

description of the iris with an emphasis on factors affecting the light interaction

with iridal tissues. Chapter 3, The ILIT Model, presents the ILIT model. Chapter 4,

Evaluation Issues, outlines our evaluation approach and provides the biophysical

data set used in our simulations. Chapter 5, Results and Discussion, presents

the results of the quantitative and qualitative experiments used to evaluate the

accuracy and predictability of the ILIT model, as well as iridal images obtained

by integrating it into a standard rendering framework. The thesis closes with a

summary and directions for future work.
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Chapter 2

Biophysical Background

In this chapter, we briefly examine the visible ocular tissues, and define the biophys-

ical terms used throughout this thesis. We also present qualitative and quantitative

biophysical information used in the design of the ILIT model. The reader inter-

ested in a more comprehensive description of the ocular anatomy and physiology is

referred to classical books on these topics [26, 51, 60, 77].

2.1 Overview of Ocular Tissues

The shape of the human eyeball can be approximated by two incompletely overlap-

ping spheres with different radii, with the smaller sphere positioned in the front of

the face. Its appearance is mostly determined by the interaction of light with five

ocular media illustrated in Figure 2.1, namely cornea, sclera, lens, aqueous humor

and iris.

7



Figure 2.1: Sketch showing the visible ocular tissues and a zoom in of the iridal
layers.

The sclera contains the “white” part of the visible eyeball, and the cornea

is a clear tissue, serving as its only entrance of light. In its normal state, the

cornea appears transparent, and it is covered by a tear film that makes its surface

optically smooth [34]. The space between the cornea and the lens, a colourless

tissue [8], is occupied by the aqueous humor, a clear alkaline liquid. Although

measurements of cornea and aqueous humor transmittance [8, 4, 88, 27] suggest a

slight wavelength dependence, it is important to note that such measurements did

not include backscattered light which may also affect the spectral signature of these

media.

The iris is a thin pigmented diaphragm stretching across the front of the eye and

surrounding the pupil. Due to the support of the neighboring lens, it has a cone-like
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shape pointing towards the front of the eye. It can be described as a multilayered

tissue (Figure 2.1), and its spectral signature is determined by its morphological

and optical characteristics, which are concisely described in the following section.

2.2 Iris: Morphology and Optics

The outermost iridal layer is the ABL (Anterior Border Layer). It consists of a

dense arrangement of pigmented cells, collagen fibers and fibroblasts [23, 60, 77].

Immediately behind the ABL, we find the Stromal Layer. Although both layers

consist of connective tissue and pigmented cells, the Stromal Layer is less dense

than the ABL [23]. The Stromal Layer is also characterized by the presence of

loosely arranged collagen fibrils. The innermost layer is an opaque tissue called

IPE (Iris Pigment Epithelium). It consists of heavily pigmented epithelial cells

which are tightly fused by intercellular connections [43].

The primary factors affecting the iridal chromatic attributes are the density and

pigmentation of the iridal tissues [43]. Most of the chromatic variations observed

in the human iris are due to absorption caused by iridal pigmentation, specially

that of the ABL [43, 96]. However, as pointed out by Delori et al. [16], instead

of a simple continuum with pigment content, there are discrete families of spectral

signatures which cannot be predicted by a simple absorption model. When there is

little pigmentation in the ABL, the iridal spectra is dominated by tissue scattering

[16], i.e., light is scattered by stromal collagen fibrils.
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2.2.1 Absorption Phenomenon

The absorption spectra of the pigment present in the iridal tissues are shown in

Figure 2.2. Among the iridal pigments, the melanin provides the most significant

qualitative and quantitative contributions to the variations in the iridal chromatic

attributes, which are directly affected by the total content and distribution of this

pigment in the ABL and the Stromal Layer [59, 42]. The heavily pigmented IPE

provides only a background tint [42, 43]. It plays a minor role on iridal colour since

it reflects only a small portion of the incident light, and its pigmentation does not

present a detectable variance between irides of different colours [23].

Two types of melanin are present in the human iris: the brown-black eumelanin

and the red-yellow pheomelanin. The former is found in larger concentrations than

the latter [58]. Experiments by Prota et al. [69] indicate that lightly pigmented

irides show a low content of both pigments, while heavily pigmented irides exhibit

a high content. The irides showing a green hue in the region near the pupil,

known as the pupillary zone [73], and a blue hue on the peripheral region, known

as the ciliary zone [73], proved to be eumelanic, whereas irides exhibiting a brown

hue near the pupil and a green hue on the periphery are described as featuring

pheomelanic or a mixed type pigmentation [69]. Wistrand et al. [100] also pointed

out that irides with mixed hues usually have higher melanin concentration in the

pupillary zone, and in the bottom of iridal depressions called crypts [73].

Besides the melanins, other natural pigments, notably the hemoglobins and the

carotenoids, may contribute to the iridal spectral characteristics of healthy human

eyes. The two types of hemoglobins (oxygenated and deoxygenated) are found
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in the stromal blood vessels [26]. Similarly, two types of carotenoids (lutein and

zeaxanthin) are also found in the Stromal Layer [7]. It has been suggested that

a pigment called lipofuscin [83] may also contribute to iridal chromatic variations

[50]. However, to the best of our knowledge, quantitative evidence to fully support

this hypothesis for healthy human irides has not become available in the biomedical

literature to date. Its occurrence in the human eye is usually associated with age-

related degeneration of ocular fundus tissues [18, 17, 29].

2.2.2 Scattering Phenomenon

The scattering caused by the stromal collagen fibrils occurs in a Rayleigh fashion

[97] which is proportional to the forth power of the light frequency [80, 81]. Hence,

it may produce grey or blue hues since shorter wavelengths are preferentially atten-

uated [16, 97, 96]. As light gets scattered multiple times inside the iridal layers, its

spatial distribution quickly becomes diffuse. As a result, the iridal surface scattering

distribution has a near-Lambertian profile [10, 96]. Thus, different combinations of

the absorption and scattering effects can create a continuum of iridal colours from

dark brown (more absorption) to light blue (more scattering).
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Figure 2.2: Spectral molar absorption (extinction) coefficient curves for natural
pigments (chromophores) present in the iridal tissues. Top: melanins [Jacques
2001]. Bottom left: hemoglobins [Prahl 1999]. Bottom right: carotenoids [Zscheile
et al. 1942].

12



Chapter 3

The ILIT Model

The proposed model has an algorithmic formulation in which light is represented

by discrete rays, each one associated with a wavelength. Although geometrical

optics is used in the light transport simulations performed by the model, wave

optics approximations are employed where appropriate (e.g., the computation of

the optical free path length for a given ray traversing the iridal tissues at a given

wavelength). The ILIT model simulates light interaction with human iris through

a stochastic process whose states are represented by the interface between the iris

and the surrounding medium, and the interfaces between adjacent iridal tissues,

namely ABL, Stromal Layer and IPE. It is assumed that light transmitted to the

IPE is absorbed within this tissue (Section 2.2).

A ray that traverses from one iridal layer to the next must pass the interface

between these layers. At these interfaces the rays can be reflected or refracted. The

results of these interactions are associated with the transition probabilities of the
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stochastic process, i.e., they determine the next layer that the ray will traverse,

thus its next state. Scattering events affecting the ray direction of propagation

may also prompt the transition from one state to another. Absorption events are

associated with the termination probabilities of the stochastic process, i.e., when a

ray is absorbed its transport simulation is halted.

Figure 3.1 illustrates possible paths that can be followed by a ray traversing

the iridal tissues as well as the occurrence of scattering and absorption events.

The non-deterministic simulation of these events employs random numbers ui, for

i = 1, 2, . . . 9, uniformly distributed in the interval [0, 1], which are generated on

the fly during the simulations. The following table summarizes all the ui used in

the model, which will be further explained in the next sections.

Table 3.1: Random numbers used in the simulations.

Symbol Usage
u1 Fresnel interaction
u2 Diffuse perturbation, polar angle
u3 Diffuse perturbation, azimuthal angle
u4 Absorption test
u5 Attenuation test
u6 Attenuation type
u7 Rayleigh scattering perturbation, polar angle
u8 Rayleigh scattering perturbation, rejection sampling
u9 Rayleigh scattering perturbation, azimuthal angle
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Figure 3.1: Diagram illustrating possible paths (A, B, C and D) that can be followed
by rays traversing the iridal tissues. The semi-circles represent diffuse perturbation,
the double circles represent Rayleigh scattering (forward or backward), and the stars
represent absorption events.

3.1 Reflection and Refraction at the Interfaces

Since each layer is simulated with its unique refractive index, either reflection or

refraction occurs at all the interfaces. The ILIT model simulates these interactions

by computing the Fresnel coefficient (F ) associated with the incoming ray, and

taking into account the refractive index differences of the media. If u1 ≤ F , then

the ray is reflected. Otherwise, it is refracted. The Fresnel coefficients are computed

through the Fresnel equations [40, 76].

3.2 Diffuse Perturbation

When a ray enters either the ABL or the Stromal Layer (Figure 3.4), it is diffusively

perturbed due to the internal arrangement of the tissues (Section 2.2). In order to

account for this effect, the ILIT model uses a warping function based on a cosine
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distribution [76]. According to this function, the polar (αd) and azimuthal (βd)

angles of the diffusively propagated rays, ~vd, are given by:

(αd, βd) = (arccos((1 − u2)
1

2 ), 2πu3). (3.1)

Rejection sampling is used to prevent that the perturbed direction of propaga-

tion invalidates the result of the Fresnel test performed at the previous interface.

For example, if the test results in a reflected ray, ~vr, then rejection sampling is

used to guarantee that ~vd.~n > 0 , where ~n corresponds to specimens’ normal vector

(Figure 3.2).

Similarly, if the test results in a transmitted ray, ~vt , rejection sampling is used to

guarantee that ~vd.~n < 0 (Figure 3.3).
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Figure 3.2: Rejection sampling for reflected ray. Top: ~vd.~n > 0, ray accepted.
Bottom: ~vd.~n < 0, ray rejected (requires new sample).
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Figure 3.3: Rejection sampling for transmitted ray. Top: ~vd.~n < 0, ray accepted.
Bottom: ~vd.~n > 0, ray rejected (requires new sample).
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3.3 Absorption

When a ray is traversing either the ABL or the Stromal Layer, the ILIT model tests

for its possible absorption (Figure 3.4) due to the presence of pigments (Section 2.2).

As described by Prahl [66], the probability of absorption of a photon (ray) traveling

a distance ∆p at a certain wavelength λ in a medium is given by :

Pµa
(λ) = 1 − exp(−µa(λ)∆p), (3.2)

where µa(λ) represents the absorption coefficient of the medium for wavelength

λ. The absorption coefficient is obtained by adding the absorption coefficients of

the medium’s constituent materials, which, in turn, are computed by multiplying

their spectral molar absorption (extinction) coefficient by their concentration in the

medium.

In the case of the ABL, this probability is obtained using:

PµaA
(λ) = 1 − exp

(

−µaA
(λ)

hA

cos θ

)

, (3.3)

where µaA
(λ) represents the absorption coefficient of the ABL, which is computed

using the concentrations of eumelanin and pheomelanin present in this tissue (Sec-

tion 2.2), hA represents to the thickness of the ABL, and |θ| < 90◦ corresponds to

the angle between the ray direction and the tissue’s normal direction.

If PµaA
(λ) ≤ u4, then the ray is absorbed. Otherwise, the ray is propagated

until it reaches the next interface.
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Figure 3.4: Flowcharts illustrating the algorithms used by the ILIT model to sim-
ulate light transport in the ABL (left) and Stromal Layer (right).

In the Stromal Layer, the test for absorption is combined with the test for

Rayleigh scattering, and these are described in more detail in the following section.

3.4 Attenuation and Scattering

When a ray traverses the Stromal Layer, it may be attenuated (Figure 3.4). An

attenuation event can be represented by either an absorption or a scattering event,

and the attenuation coefficient, µ(λ), is simply the sum of the absorption and

scattering coefficients.

The former, in this case, corresponds to the absorption coefficient of the Stromal

Layer, µaS
(λ), which is computed using the concentrations of melanins, hemoglobins
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and carotenoids present in this tissue (Section 2.2). The latter is derived in this sec-

tion in terms of Rayleigh scattering caused by stromal collagen fibrils (Section 2.2).

It is assumed that the volume occupied by each collagen fibril of radius r can

be approximated by a small sphere with the same radius [45], which results in a

scatterer density given by:

N =

(

4

3
r3 π

)

−1

fcol, (3.4)

where fcol corresponds to the volume fraction of the tissue occupied by the scatterers

(the collagen fibrils). Using this density, the scattering coefficient can be computed

using the following expression [55, 80]:

µs(λ) =
8π3

3N
((η(λ))2 − 1)2(λ−4), (3.5)

where η represents the refractive index of the scatterers.

Equation 3.5 was originally developed for the study of atmospheric scattering

[55, 80]. However, unlike atmospheric simulations where the scatterers are usually

assumed to be dispersed in vacuum, our simulations need to account for the fact

that the collagen fibrils, with their own refractive index ηcol, are dispersed in iridal

base material with a refractive index ηbase 6= 1.0. Hence, in our simulations, η in

Equation 3.5 is replaced by the ratio ηcol(λ)/ηbase(λ).

After computing the absorption and scattering coefficients, the attenuation
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probability is obtained using:

Pµ(λ) = 1 − exp

(

−µ(λ)
hS

cos θ

)

, (3.6)

where hS represents the thickness of the Stromal Layer, and |θ| < 90◦ corresponds

to the angle between the ray direction and the tissue’s normal direction.

If u5 > Pµ(λ), then neither absorption nor scattering occurs. Otherwise, we need

to determine the attenuation type. For this purpose, the absorption probability is

computed as follows:

PµaS
(λ) =

µaS
(λ)

µ(λ)
. (3.7)

If u6 ≤ PµaS
(λ), then the ray is absorbed. Otherwise, the ray is scattered, and

its new direction is determined according to the Rayleigh scattering phase function

[87], i.e., using rejection sampling, we repeatedly generate the polar perturbation

angle:

αR = 2πu7,

and accept it only when

u8 ≤ 0.5(1 + cos2 αR).

Since the directional perturbation in the azimuthal direction is symmetric [87],

the azimuthal perturbation angle is simply given by βR = 2πu9. Hence, the new

ray direction is obtained by perturbing it according to the angular displacements

given by αR and βR
1.

1To eliminate numerical instability introduced by indefinite total internal reflections, in the
ILIT model, a ray is treated as absorbed after 400 interface transitions without being absorbed
nor released from the iris. In our experiments, these rays account for an insignificant amount of
samples (a maximum of 80 rays observed out of 780 million rays that covers the iris area).
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Chapter 4

Evaluation Issues

In this chapter, we describe the procedures and the biophysical data set used in the

evaluation of the ILIT model.

4.1 Procedures

In order to assess the accuracy and predictability of the proposed model, we com-

pared modeled results with actual iridal data measured by Imai [41] and Unander

[86], as well as qualitative reports on the iridal spectral and spatial light distri-

butions available in the scientific literature. For the latter, virtual measurement

devices [3, 49] were implemented to allow the gathering of modeled reflectance and

BRDF (bidirectional reflectance distribution function) data. For the former, the

computational experiments took into account the actual measurement conditions

to avoid the introduction of bias in the comparisons. For example, to obtain model
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readings in terms of the radiometric quantity measured by Imai [41] and Unander

[86], namely reflected radiance, the number of rays per wavelength shot towards

the virtual iridal specimen was modulated (Appendix A) according to the spectral

characteristics of the light source used in the actual measurements. In addition,

since the actual measurements were performed under in vivo conditions, the re-

fractive indices of the tear layer, cornea and the aqueous humor, represented by

ηtear(λ), ηcor(λ) and ηah(λ) respectively, were used to determine the fraction of

light incident on the virtual iridal specimen. We note, however, that no compen-

sation was applied to account for a possible wavelength dependency of the cornea

and aqueous humor transmittances [8]. This decision was made based on the ob-

servation that, to the best of our knowledge, the compensation formulas currently

available in the literature [8, 4, 88] were obtained by applying fitting approaches

to data whose measurement did not account for backscattering [8, 4, 88]. Another

simulation decision taken to match the actual experiment set up was the elimination

of the rays directly reflected from the tear layer. We note that specular reflections

were carefully excluded by Imai [41] and Unander [86] in the actual measurements.

4.2 Data

The quantitative values used for the model parameters were chosen according to

data published in the biophysical literature. For certain parameters, however, data

is not readily available, and it was necessary to derive approximated values from

existing data. For example, to obtain the refractive indices for the ABL and the

Stromal Layer, we applied the Gladstone and Dale’s law [56, 84], which states
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that the refractive index of a given material can be expressed by the sum of the

refractive indices of its components, each weighted by the volume fraction occupied

by the respective component. Accordingly, the following expression was used for

the refractive index of the ABL:

ηA(λ) = ηfib(λ) ffib + ηbase(λ) (1 − ffib), (4.1)

where ηfib(λ) and ffib represent the refractive index and the volume fraction of

the fibroblasts respectively. Similarly, the following expression was used for the

refractive index of the Stromal Layer:

ηS(λ) = ηcol(λ) fcol + ηbase(λ) (1 − fcol). (4.2)

For the IPE, based on its morphological characteristics (Section 2.2), a suitable

approximation corresponds to the refractive index of the ocular base material [47].

This approximation was used in our simulations. Although refractive indices are

wavelength dependent quantities, we remark that, for ocular materials, usually a

single value over the visible range is available in the literature. The refractive indices

used in the evaluation of the ILIT model are given in Table 4.1, and the values

for ffib and fcol correspond to 1/3 and π/(4 sin(π/3)) respectively. The former

was provided by Snell and Lemp [77], and the later was obtained by considering

stromal collagen fibrils with radius equal to 30nm [77] distributed in an hexagonal

arrangement with a periodicity of 60nm [77].

Also due to the fact that the actual measurements were performed under in vivo
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Table 4.1: Refractive indices used in the simulations.

Symbol Value Source
ηair 1.0003 [74]
ηtear 1.337 [22]
ηcor 1.3771 [102]
ηah 1.336 [24]
ηfib 1.42 [47]
ηbase 1.5 [47]
ηcol 1.47 [84, 85]

conditions, we cannot determine the exact values for the thickness of the subjects’

iridal layers. Hence, we used hA = 0.05675mm and hS = 0.2855mm in our simu-

lations, which correspond to average values provided in the biomedical literature

[64, 23]. For the same reason, the values for the pigment concentrations, which

are provided below, were chosen according to average ranges reported for different

pigmentation levels in the biomedical literature [7, 25, 69], and considering a virtual

iridal specimen with a diameter of 11mm [64, 96], which accounts for a pupil radius

of 2.5mm [64]. For detailed derivation, see Appendix B.

The spectral properties of three different types of irides were considered in

the actual measurements, namely lightly, moderately and heavily pigmented. The

melanin concentration values used in the evaluation of the ILIT model are given

in Table 4.2, and they were computed from data measured by Prota et al. [69] for

different iridal types.

The concentrations for the oxyhemoglobin and deoxyhemoglobin, 0.042mmol/l

and 0.042mmol/l respectively, were obtained by assuming that the Stromal Layer

contains approximately 4% of blood [45], and taking into account that the con-

centration of hemoglobin in blood is typically 2.1mmol/l [25]. The values se-
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lected for the lutein and zeaxanthin concentrations were 1.562 × 10−4mg/ml and

5.968 × 10−5mg/ml respectively, and they were computed from data provided by

Bernstein et al. [7].

Table 4.2: Melanin concentrations (mg/ml) used in the simulations.

Pigment Pigmentation Level
High Moderate Low

eumelanin 1.008 0.8138 0.1201
pheomelanin 0.2674 0.2054 0.0194

In our experiments, we used spectral molar absorptions curves for melanins and

hemoglobins available at the Oregon Medical Laser Center [65, 44], and spectral mo-

lar absorptions curves for carotenoids provided by Zscheile et al. [103] (Figure 2.2).

We also account for the lengthening of the optical path of a tissue due to the

inhomogeneous distribution of pigments under in vivo conditions [20, 28]. This

lengthening is called factor of intensification1 since it may result in an absorption

increase when a pigment’s concentration exceeds a certain threshold [72, 90]. Based

on values reported in the tissue optics literature for natural pigments with similar

concentrations [72, 90], we apply a factor of intensification of 2.2 to the melanin

absorption curves used in our experiments (Appendix D).

1In near-infrared spectroscopy applications, this lengthening is usually referred to as the dif-
ferential path length factor [20, 54].
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Chapter 5

Results and Discussion

5.1 Quantitative Predictions

Quantitative comparisons of model readings with actual data measured by Imai

[41] and Unander [86] for three iridal specimens (lightly pigmented, moderately

pigmented and heavily pigmented) are presented in Figure 5.1. These comparisons

indicate a good quantitative and qualitative agreement between modeled and mea-

sured curves. The results provided by the ILIT model were obtained using the data

provided in the previous section, and considering an equal distribution of melanin

between the ABL and the Stromal Layer.

As mentioned in Section 2.2, biophysical parameters such as pigment concen-

tration and tissue thickness are not uniform across the human iris. Hence, the

measured spectral responses may vary depending on the measurement position.

The variations observed in the experiments by Imai [41] and Unander [86] are
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represented by error bars in the graphs presented in Figure 5.1. For the heavily

pigmented specimen, the modeled curve is slightly outside the measured range. For

the moderately and lightly pigmented specimens, the modeled curves are almost

entirely within the variation range observed in the actual measurements.
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Figure 5.1: Comparison of modeled reflected radiance curves provided by the ILIT
model with actual reflected radiance curves measured by Imai [2000] and Unander
[2000]. Top: heavily pigmented iris specimen. Bottom left: moderately pigmented
specimen. Bottom right: lightly pigmented specimen. The error bars indicate
maximum and minimum values observed in the actual measurements.

Two aspects shall be taken into account in the analysis of these quantitative
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comparisons. First, we remark that the model input (characterization) data cor-

respond to the best possible match that we could obtain between the specimens’

description and data available in the literature, which, in several instances, corre-

spond to average values. Hence, although the ILIT model can qualitatively sim-

ulate different spectral responses due to the variation of parameters such as pig-

ment concentration and tissue thickness (Section 5.2), the quantitative accuracy of

its predictions is limited by the availability of precise iridal characterization data,

and the modeled curves presented in this paper can be viewed as average results

themselves. Second, recall that biological data are usually obtained under in vitro

conditions, and one may expect deviations from in vivo values [20]. For example,

the measurement of the extinction coefficient of a given pigment usually involves

its dissolution using an organic solvent, and small spectral shifts caused by changes

in the molecular properties of the pigments can be observed [28, 11, 12].

5.2 Qualitative Predictions

Besides the quantitative comparisons described above, we also performed qualita-

tive comparisons against actual observations of real phenomena to assess the pre-

dictability of the ILIT model. As verified by Delori et al. [16], the reflectance spec-

tra of lightly pigmented irides present a characteristic blood signature (“w” shape)

between 500nm to 600nm due to the characteristics of the absorption spectra of

hemoglobin (Figure 2.2) [44], and this signature is not detectable in irides whose

absorption spectra is dominated by melanins. The modeled reflectance curves pre-

sented in Figure 5.2 show that the ILIT model can account for this phenomenon. It
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Figure 5.2: Comparison of modeled reflectance curves provided by the ILIT model
considering specimens with different levels of pigmentation: low (L) and high (H).

can also be observed in the modeled reflected radiance curves (Figure 5.1) as the dip

between 550nm to 600nm increases when the melanin concentration is reduced. De-

lori et al. [16] also observed that iris reflectance among subjects with different levels

of pigmentation varies most significantly at short wavelengths, reaching its maxi-

mum around 450nm. In addition, the range of this reflectance variation starts to de-

crease continuously around 600nm. These characteristics of iridal reflectance spec-

tra can also be observed in the modeled reflectance curves presented in Figure 5.2.

Incidentally, the premise that the iris becomes lighter (higher reflectance) as the

melanin concentration decreases [97, 100] can also be verified in the modeled results

shown in Figure 5.2.

According to observations by Menon et al. [59] and Imesh et al. [42], the distri-

bution of the iridal melanin can also be a determinant of iridal chromatic attributes,

with a more pigmented ABL resulting in a darker (lower reflectance) iris. We per-

formed simulations to assess the predictability of the ILIT model with respect to
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Figure 5.3: Comparison of modeled reflectance curves provided by the ILIT model
considering different melanin distributions between the ABL and the Stromal Layer
(expressed in terms of the percentage of melanin presented in the ABL).

this phenomenon. For these simulations we selected, without loss of generality,

a moderately-pigmented iris specimen, and we varied the distribution of melanin

between the ABL and the Stromal Layer. The results shown in Figure 5.3 indicate

that the ILIT model can qualitatively account for these chromatic variations.

Our qualitative experiments also included the verification of the iridal spatial

light distributions provided by the ILIT model (expressed in terms of BRDFs). Al-

though its role on the visual appearance of the human eye may be not as significant

as the iridal spectral signature, its characteristics can provide additional evidence

of the correctness of the simulation algorithms used by the ILIT model. Figure 5.4

presents plots of modeled BRDFs obtained for iridal specimens with different levels

of pigmentation. As illustrated in these plots, the modeled BRDFs exhibit a near-

Lambertian distribution which, as mentioned earlier (Section 2.2), corresponds to

the general scattering profile of real human irides [10, 91, 96].
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Figure 5.4: Modeled iridal BRDFs measured at 550nm. Left: considering an angle
of incidence of 0◦. Right: considering an angle of incidence of 60◦. Plots correspond
to scattering profiles taken at the principal plane of incidence, and considering
specimens with different levels of of pigmentation, namely low (L) and high (H).

Finally, in order to further illustrate the predictability of the ILIT model, we

generated images using a standard rendering framework, whose main algorithm and

parameters are described in Appendix C. Figure 5.5 presents images rendered using

the ILIT model (iris pattern and sclera taken from a photo), and taking as input

the data provided in the previous section. These images illustrate chromatic vari-

ations obtained by changing the concentration and distribution of iridal melanins.

We remark that the iridal chromatic attributes depicted in these images correspond

solely to spectral signatures provided by the ILIT model, i.e., to avoid the intro-

duction of bias in our observations, post-processing tone adjustment techniques [32]

were not applied.

As mentioned earlier, the thickness of the tissues is not uniform across the

human iris, and there are regions characterized by higher pigment concentration.

For example, Figure 5.6 illustrates spectral changes resulting from reducing the

thickness of the iridal tissues of specimens characterized by eumelanin concentration

of 0.1201mg/ml and pheomelanin concentration of 0.0194mg/ml. As expected, a
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Figure 5.5: Images showing iridal chromatic variations obtained using the ILIT
model. From left to right, the iridal eumelanin concentration was decreased
from 1.008mg/ml to 0.1201mg/ml, and the iridal pheomelanin concentration from
0.2674mg/ml to 0.0194mg/ml. From top to bottom, the percentage of melanin
presented in the ABL was altered: 20% (top row), 50% (middle row) and 80%
(bottom row).

thickness reduction is followed by an increase in pigmentation concentration and a

hue transition from blue to a slightly darker blue with a hint of grey.

Finally, Figure 5.7 shows spectral changes when the pheomelanin concentration

is increased in an iris with a fixed eumelanin concentration of 0.1201mg/ml, since

Prota et al. [69] reported a positive correlation between green irides and pheome-

lanin. Although the renders do not clearly demonstrate this correlation, it could

be due to the choice of colour space (See Appendix C).
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Figure 5.6: Images showing iridal chromatic variations of a lightly pig-
mented iris (eumelanin concentration: 0.1201mg/ml, pheomelanin concentration:
0.0194mg/ml) obtained by varying the thickness of the ABL and the Stromal Layer.
From left to right: Iris thickness is decreased by 0%, 5%, 15%, 30% and 50%. From
top to bottom, the percentage of melanin presented in the ABL was altered: 20%
(top row), 50% (middle row) and 80% (bottom row).

5.3 Rendering Performance

A non-optimized implementation of the rendering framework described in Appendix

C running on a 2 GHz AMD Athlon CPU takes about 20 hours to render an iris

model with 6 billion samples, which calculates to be around 80000 samples per

second.
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Figure 5.7: Images showing iridal chromatic variations of a lightly pigmented
iris (eumelanin concentration: 0.1201mg/ml) obtained by increasing the pheome-
lanin concentration. (From left to right) Top: pheomelanin concentrations of
0.0388mg/ml, 0.1164mg/ml, 0.194mg/ml. Bottom: 0.2716mg/ml, 0.3492mg/ml,
0.4268mg/ml
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Chapter 6

Conclusion and Future Work

The ILIT model is the first biophysically-based computer model proposed to sim-

ulate both the scattering and spectral properties of the human iris. However, it

shall be considered as a step in the right direction instead of a final modeling so-

lution for the light interactions with iridal tissues. Its evaluation showed a general

quantitative agreement between modeled results and actual measured data. It also

indicated that there is still room for further research in this area, which will likely

depend on the acquisition of more comprehensive iridal data sets including both

specimen’s characterization data and spectral measurements.

Since quantitative evaluations may be affected by inherent difficulties to charac-

terize testing specimens, we believed that qualitative evaluations are also required

to assess the predictability of a computer model. In the case of the ILIT model,

the qualitative agreement between modeled results and observations of actual phe-

nomena reported in the scientific literature represents additional evidence of its
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predictive capabilities.

The algorithmic formulation of the ILIT model is based on standard Monte

Carlo techniques which are sufficiently flexible to allow the modeling of complex

phenomena within the iridal tissues. The stochastic simulations performed by the

model, however, may be time consuming and represent a bottleneck in an image

synthesis pipeline. Alternatively, these simulations could be either run off-line, and

the quantities computed by the model stored and reconstructed on the fly during

rendering, or performed using dedicated graphics hardware. We plan to investigate

these implementation alternatives in the next stage of our research.

As future work, we also intend to exploit the ILIT model on the assessment

of theories and data relating iridal chromatic attributes to ocular medical condi-

tions, and to extend our investigations to other ocular tissues and media. Although

a reasonable amount of research on these materials is available in the biomedical

literature, the computer graphics simulation of phenomena such as corneal polariza-

tion and tear film interference will require wave optics modeling tools to be brought

to bear on the problem.
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Appendix A:

Directional Reflected Radiance

In the measurements performed by Imai [41] and Unander [86], the iridal specimen

is uniformly illuminated from all directions by light with radiance Li(λ, dωi), where

dωi corresponds to the differential solid angle of the incident light. According to

the radiative transfer theory [63], the hemispherical reflected radiance is given by:

Lr(λ, 2π) =

∫ φi=2π

φi=0

∫ θi=π/2

θi=0

Li(λ, dωi)fr(λ, dωi, 2π) cos θidωi, (6.1)

where fr(λ, dωi, 2π) corresponds to specimen’s directional-hemispherical BRDF.

Recall that a differential solid angle can be expressed as [63]:

dω = sinθdθdφ, (6.2)

where the angles θ and φ correspond to the spherical coordinates of a sphere of unit

radius.

Considering that the specular reflections were carefully excluded by Imai [41]
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and Unander [86], and using the reflectance terminology and derivations provided

by Nicodemus et al. [63], the specimen’s directional-hemispherical BRDF can be

approximated by:

fr(λ, dωi, 2π) =
ρ(λ, dωi, 2π)

π
, (6.3)

where ρ(λ, dωi, 2π) represents the directional-hemispherical reflectance (which is

equal to the hemispherical-directional reflectance (radiance) factor [63]).

Plugging the BRDF expression given in Equation 6.3 into Equation 6.1, and

solving the double integral, results in the following expression for the hemispherical

reflected radiance:

Lr(λ, 2π) = Li(λ, dωi) ρ(λ, dωi, 2π) (6.4)

The directional reflected radiance can then be computed as [31]:

dLr(λ, dωr) =
Li(λ, dωi) ρ(λ, dωi, 2π)
∫ φr=2π

φr=0

∫ θr=π/2

θr=0
cos θrdωr

, (6.5)

where dωr corresponds to the differential solid angle of the reflected light.

Solving the double integral in Equation 6.5, we get:

dLr(λ, dωr) =
Li(λ, dωi) ρ(λ, dωi, 2π)

π
, (6.6)

Considering a virtual spectrophotometer formulation [3],
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the directional-hemispherical reflectance can be expressed as:

ρ(λ, dωi, 2π) =
m

n
, (6.7)

where m represents the number of rays reflected by the specimen and n represents

the total number of rays shot towards the specimen, with each ray carrying the

same amount of radiant power.

Replacing the directional-hemispherical reflectance in Equation 6.6 by the ratio

given in Equation 6.7, results in the following expression for the directional reflected

radiance:

dLr(λ, dωr) =
Li(λ, dωi)

π

m

n
. (6.8)
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Appendix B:

Derivation of Pigment

Concentrations

Considering the iris diameter to be 11mm [64, 96] with pupil radius of 2.5mm [64],

the concentration, c, of a pigment with mass m can be approximated using the

following expression:

c = m/((hA + hS)(π((11mm/2)2 − (2.5mm)2))), (6.9)

or simply,

c = m/((hA + hS)(75.3982(mm2))) (6.10)

Due to the in vivo nature of the measurements made by Imai [41] and Unan-

der [86], the concentrations of pigments used in Chapter 4 were obtained using

average parameters provided in the biomedical literatures, namely eumelanin and
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pheomelanin masses (represented by me and mp respectively) from Prota et al.,

[69], and lutein and zeaxanthin masses (represented by ml and mz respectively)

from Berstein et al., [7], these parameters are summarized in Table 6.1,

Table 6.1: Per-iris amount of pigments (µg).

Symbol Value Source
me 0 to 25.3 [69]
mp 0.03 to 6.9 [69]
ml 0.00403 [7]
mz 0.00154 [7]
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Appendix C:

Rendering Framework

All iris images of this thesis are rendered using a simple RGB Monte Carlo path

tracing renderer [46] under a pure white light source with power of 800.0 units,

which is selected to reasonably display the colour of the rendered iris with its low

reflectivity without any clipping.

The correct conversion from a wavelength λ to RGB is a two-step process [33,

52]. Initially, one calculates the CIE tristimulus colour (X,Y,Z) using the spectral

response f(λ) and the CIE1-1931 colour-matching functions x̄(λ), ȳ(λ) and z̄(λ)

[1]:

X =

∫

λ

f(λ)x̄(λ)dλ (6.11)

Y =

∫

λ

f(λ)ȳ(λ)dλ (6.12)

Z =

∫

λ

f(λ)z̄(λ)dλ (6.13)

In practice, these integrals are often approximated by summations over m se-

1Commission Internationale de L’Eclairage.
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lected samples in the range of possible λ:

X =
m

∑

i=1

f ′

i x̄i (6.14)

Y =
m

∑

i=1

f ′

i ȳi (6.15)

Z =
m

∑

i=1

f ′

i z̄i (6.16)

The corresponding RGB values are then obtained from transforming the XYZ

values with a device-specific matrix [52, 33]:
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











(6.17)

Ideally, spectral information must be preserved for as long as possible in a

rendering pipeline, and only converted to three dimensions (channels) when mapped

to a specific device, such as a monitor or a printer, which may provide different

colour solutions [5].

For the sake of simplicity, since we are not targeting a specific device, we choose

three representative wavelengths (one for each colour channel) from the CIE-1931

chromaticity diagram, (650.0nm, 515.0nm, 475.0nm) to obtain the (R,G,B) values.

These chromaticity coordinates were selected because their positions on diagram

closely match the named colour patches ”Red”, ”Green” and ”Blue” [13].
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Figure 6.1: Images showing iridal chromatic variations obtained by varying the chro-
maticity coordinates. From left to right: (eumelanin concentration, pheomelanin
concentration, ABL melanin portion) selected to be (1.008mg/ml, 0.2674mg/ml,
80%), (0.4674mg/ml, 0.1124mg/ml, 50%), and (0.1201mg/ml, 0.0194mg/ml, 20%)
respectively. Top: using selected CIE-1931 chromaticity coordinates. Bottom: us-
ing SMPTE chromaticity coordinates.

Alternatively, SMPTE chromaticity coordinates2 (630.0nm, 557.7nm, 427.8nm)

can be used to derive the (R,G,B) values. Using these coordinates, one can obtain

a higher tint of hazel and green (Figure 6.1).

2Society of Motion Picture and Television Engineers.
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Appendix D:

Factor of Intensification

The actual path length involved in the simulation of an absorption event can vary

due to two effects [90]:

1. Sieve effect: light passes through the medium without encountering an ab-

sorber. It reduces the medium’s absorption efficiency.

2. Detour effect: light is scattered many times among the absorbers. It increases

the medium’s absorption efficiency.

Together, the sieve and the detour effects define a lengthening of the optical

path length, or factor of intensification, which correlates to the concentration of an

absorber in mg/m2 [72], i.e., the factor of intensification decreases with increasing

pigment content.

The factor of intensification is taken into account in the ILIT model. However,

since no data is available for melanin pigments, an approximation must be used.

Following the method of Appendix B, the concentration of eumelanin in the

three iris samples (lightly-pigmented, moderately-pigmented and heavily-pigmented)
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are calculated to be 0.1395mg/ml, 1.0192mg/ml and 1.2749mg/ml respectively -

multiplying these concentrations by the thickness of the iris (hA+hS = 0.34225mm)

accordingly gives concentrations of 4.77µg/cm2, 34.87µg/cm2 and 43.62µg/cm2.

The study of plant tissues by Rühle and Wild provides values for the factor of

intensification for different chlorophyll concentrations (unit converted): 2.37 and

2.04 for 36.7µg/cm2 and 42.0µg/cm2 respectively [72]. By slightly extrapolating

this range, it appears that a good value to use for the moderately-pigmented and

the heavily-pigmented samples lies around 2.2.

Since no value is associated with a pigment concentration as low as the lightly-

pigmented iris sample, and due to the opposite impact of lower pigment concentra-

tion on the sieve and detour effects, the same value of 2.2 is selected to minimize

the introduction of bias in our comparisons.

70


