UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE INFORMATICA
PROGRAMA DE POS-GRADUACAO EM COMPUTACAO

VITOR FERNANDO PAMPLONA

Photorealistic Models for Pupil Light Reflex
and Iridal Pattern Deformation

Thesis presented in partial fulfillment
of the requirements for the degree of
Master of Computer Science

Prof. Dr. Manuel M Oliveira
Advisor

Prof. Dr. Gladimir V. G Baranoski
Coadvisor

Porto Alegre, April 2008



CIP — CATALOGING-IN-PUBLICATION

Pamplona, Vitor Fernando

Photorealistic Models for Pupil Light Reflex
and Iridal Pattern Deformation / Vitor Fernando Pamplona.
Porto Alegre: PPGC da UFRGS, 2008.

83 f.:1l.

Thesis (Master) — Universidade Federal do Rio Grande do S
Programa de Pés-Graduacdo em Computacgéo, Porto Alegre,
RS, 2008. Advisor: Manuel M Oliveira; Coadvisor: Gladimir V|
G Baranoski.

1. Pupil-dynamics simulation. 2. Physiologically-base
model. 3. Pupil light reflex. 4. Iridal pattern deformatidn.Hu-

Il. Baranoski, Gladimir V. G. Ill. Title.

man visual system. 6. Face animation. I. Oliveira, Manuel M.

ul.
BR—

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

Reitor: Prof. José Carlos Ferraz Hennemann

Vice-Reitor: Prof. Pedro Cezar Dutra Fonseca

Pré-Reitora de Pos-Graduacao: Prdflquiria Linck Bassani

Diretor do Instituto de Informatica: Prof. Flavio Rech Wagne
Coordenadora do PPGC: Ptofuciana Porcher Nedel
Bibliotecaria-Chefe do Instituto de Informatica: Beatriz RegBastos Haro



“Sete semanas? O Sr. é um fanfarrdao, Sr. 01! O senhor tem sete dias, Sr. 01! ”
— CAPITAO NASCIMENTO FACTS






ACKNOWLEDGMENTS

A special thanks goes to my advisors: Manuel Menezes dei@ieto, who always
help me to push my limits, teach me the “science-based waijedf Who helped me in
the experiments and for the great improvements in all siemapubmitted during this
program; and Gladimir V. G. Baranoski for pushing me towarel wise of bio-physical
references, for suggesting the idea of exploring the irtsfanthe discussions along the
period.

| am grateful for resources, contributions and suggesframs Prof. Jacobo Melamed
Cattan (Ophthalmology-UFRGS), who helped me dilating thelpopseveral volunteers
and let me use the colored videos from the Keratometer; aoid Buis A. V. Carvalho
(USP-SC) for the videos of an infrared Keratometer.

Thanks to Leandro A. F. Fernandes, Marcos Slomp, EduardtalGasd Denison L.
M. Tavares who contributed in the demos and videos for papessd on this work. Le-
andro Lichtenfelz (Mathematics-UFSC), Renato Silveira arad. FRoberto da Silva, for
the help with advanced mathematical concepts and disasssimla Rossi (Librarian-
UFRGS) for finding a lot of very old biological papers, Fernandebien and André
Spritzer for english revisions, and Cinara Cunha (Arts-FURBQfee me permission to
use her iris photo as a motivation of this work. | also thar&k\vhlunteers of the experi-
ments: Alex Gimenes, Boris P. Starov, Christian Pagot, ClaudiMenezes, Giovane R.
Kuhn, Leonardo Schmitz, Rodrigo Mendes, Tiago Etiene andialbe Jo&do Paulo Gois
who receive me at USP/S&o Carlos.

| would like to thank the professors Carla M.D.S. FreitaspJddComba, Luciana P.
Nedel and Manuel M. Oliveira for conducting the UFRGS Comp@graphics Group to
a level of excellence and to my lab colleagues for providingnéellectually stimulating
and enjoyable research environment. Fausto Blanco andiBcande Moura Pinto for
discussions about the academic and commercial ways ofalife,Fabio Bernardon for
always saying that there is no practical utility in my worlklding my ego in a normal
stage. To my family and all my friends, especially my paréviegli Knuth Pamplona
and Carlos Fernando Pamplona (in memoriam), my brother FRalerto Pamplona for
tolerating my absence of their lives.

Thanks to Microsoft Brazil for the financial support during teven final months.
Thanks to Prof. Paulo C. Rodacki (FURB) and Jomi Fred Hubner (FURBhE recom-
mendation letters and to Prof. Anatolio Laschuk to be realgmi needed help to record
some videos at Hospital de Clinicas (University Hospital).

| also thanks the people that take part of our soccer gamedslapdrties, my neighbor
Marcia M. Moraes and her family, and the cookies woman, Elidor giving me instants
of a normal life even into a Master’s program.






TABLE OF CONTENTS

LISTOFFIGURES. . . . . . . . . e 9
ABSTRACT . . . e 11
RESUMO . . . . . . e 13

1 INTRODUCTION . . . . . . . s e 15
1.1 StructureofthisThesis . . . . . . . . .. . ... ... ... .. ..... 17
2 RELATED WORK IN COMPUTER GRAPHICS . . ... ... ..... 19

3 AN OVERVIEW OF THE HUMAN IRISAND PUPIL . . . . .. ... .. 23
3.1 Thelris . . . . . 25
3.2 Biological Iris Structure Models. . . . .. .. ... .. .. ........ 28
3.3 SuUmMMaAry . . .. e e 28
4 MODELS OF PUPILDYNAMICS . . . .. .. .. .. .. . .. 29
4.1 Empirically-Based Models. . . . . .. ... .. .. .. oo 29
4.2 Physiologically-Based Models. . . . . . .. ... ... ... .. ..... 30
4.3  SUMMAIY . . . . e e e e e e e 32
5 THE PROPOSED PHYSIOLOGICAL-BASED MODEL . . .. ... .. 33
5.1 EquilibriumCase. . . . . . . . .. e 33
5.2 TheDynamicCase. . . . . . . . . . . i 35
5.3 Solving Delay Differential Equations . . . . . ... ... ... ...... 36
5.4  Modeling Individual Differences . . . . .. .. ... ... ... ..... 37
5,5 The PLR Model Validation . . ... .. ... ... .. .......... 39
5.5.1 The Flashlight Experiments . . . . . .. ... .. .. ... ... ... 40
5.5.2  The 100 Watt Lightbulb Experiment . . . . . .. ... ... ..... 42
5.6 Using de Grootand GebhardData. . . .. ... ... .......... 44
5.7 Summary . ... e e e 45
6 MODELING THE IRIS DEFORMATION . . . . . . . . ... ... .... a7
6.1 Animating the Deformed Iridal Patterns . . . . . . . ... .. ... ... 52
6.2  SUMMANY . . . . o e e e e e 53

7 APPLICATION OF THE PROPOSED MODELS IN
COMPUTER GRAPHICS . . . . . . . . . o 59
7.1 SUMMANY . . . . e e e e 61



8 CONCLUSION AND FUTUREWORK . . . ... ... ... ...... 63

8.1 Discussionsand Future Work. . . . . . ... ... .. L. 64
REFERENCES . . . . . . . . e 67
APPENDIX A UNIT CONVERSIONTABLE . . . . . .. ... ... ..... 75
APPENDIX B MODELOS FOTOREALISTAS PARA O REFLEXO PUPI-

LAR A LUZ E DEFORMACAO DOS PADROES DAIRIS . . 77
B.1 Modelos Existentes ParaPLR. . . . . .. ... ... ... ........ 78
B.2 Propostade modeloparaPLR . . . . ... ... ... ... ....... 78
B.3 Modelo Para Deformacéo dos Padrdes dairis . . . .. .. ....... 82

B.4 ConclusBes . . . . . . . . s 83



Figure 1.1:
Figure 1.2:
Figure 1.3:

Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:

Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:

Figure 4.1:
Figure 4.2:

Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:

Figure 5.7:
Figure 5.8:

Figure 5.9:

Figure 6.1:
Figure 6.2:
Figure 6.3:
Figure 6.4:
Figure 6.5:

LIST OF FIGURES

Iris Image from CinaraCunha . . . .. ... ... ..... ... 15
Closeupinfacescenes . . . . . . . . . . . . . uu. 16
Comparison of the proposed models with realdrise . . . . . . .. 18
Iris Synthesis fromLephon . . . . . . .. ... .. .. . ..., 19
Iris Synthesis from MakthalandRoss . . . .. ... ...... ... 20
Iris Synthesis from Zuo and Schmid . . . . .. ... ...... ... 20
Iris Synthesis from Francasal. . . . . .. ... ... ....... 21
Sketch of the human eye internal structures . . . . . .. .. .. 23

Iris and sclera connectionsketch . . . . .. ... .. ......... 24
Iris dilator muscle sketch
Photographs of the same eye under differemitiation conditions . 26

The visible features of theiris . . . . . .. ... ... ... ... 26
Parasympathethic neural pathway for pupiklighex . . . . .. .. 27
Rohen idea for iridal collagen arrangement . . ...... . .. ... 28
Comparison of latency models . . . . . . 0]
Pupil diameter models as a function of Iumlnance ........ 31
High-quality fittings chart of the proposed mlode . . . . . . . .. 35

Difference chart between the proposed and MadrSpencer models 35

Results produced by the proposed model for thegeesubject . . . 37
Envelope containing all data of Moon and Spencer. . . . . . . . 38
Pupil diameter estimation method on the videpeeces . . . . . . 40
Simulated results vs real measurements usafigtbhlight as stimu-
lus and estimating the lightintensity . . . . . .. ... ... .... 41
Simulated results vs real measurements usanfigshlight as stimu-
lusandaluxmeter . . . . ... ... ... 42
Simulated results vs real measurements usaniggtit bulb as stimu-
lusandaluxmeter . . . .. ... ... ... 43
The proposed model simulating de Groot and Geldata . . . . . 45

Sample images from the four devices used to capts deformation 47

Radial behavior for iridal features . . . . e e oo ... 48
Graphs indicating the linear-radial behawor ............. 48
Subject 1: Tracked feature points . . . . . e 1¢)

Subject 1: Results of the proposed model comp&r&tda set of
photographs . . . . . . . . . . ... 50



Figure 6.6:

Figure 6.7:
Figure 6.8:
Figure 6.9:

Figure 6.10:
Figure 6.11.:
Figure 6.12:
Figure 6.13:

Figure 7.1:
Figure 7.2:

Subject 2: Results of the proposed model comparéda set of

photographs . . . . . . . . . . . . . .. 51
The influence of folds in the linear-radial tcageies . . . . . . . .. 52
Iris model as a plained triangle strip with tegtmapping . . . . . . 53
Subject 2: Tracked featurepoints . ... ............... 54
Subject 3: Tracked feature points . . . . . e o
Subject 1: Tracked feature points and the aonsatlo ........ 55
Subject 2: Tracked feature points and the aahsatio . . . . . . . . 56
Subject 3: Tracked feature points and the eabhsatio . . . . . . . . 57
Screenshots of the demonstration software . . . . . .. ... .. 59

Some effects implemente in the demonstratitwace . . . . . . . 60



ABSTRACT

This thesis introduces a physiologically-based model tguildight reflex (PLR) and
an image-based model for iridal pattern deformation. ThR Rlodel expresses the pupil
diameter as a function of the environment lighting, natyratlapting the pupil diameter
even to abrupt changes in light conditions. Since the paienmef the PLR model were
derived from measured data, it correctly simulates theshbiehavior of the human pupil.
The model is extended to include latency, constriction akadidn velocities, individual
differences and some constrained random noise to modelipfhe predictability and
guality of the simulations were validated through comparssof modeled results against
measured data derived from experiments also describedsinvdnk.

Another contribution is a model for realist deformationtod iris pattern as a function
of pupil dilation and constriction. The salient featurestloé iris are tracked in pho-
tographs, taken from several volunteers during an inducgd-gilation process, and an
average behavior of the iridal features is defined. The &¥fEress and quality of the
results are demonstrated by comparing the renderings peddoy the models with pho-
tographs and videos captured from real irises.

The resulting models produce high-fidelity appearanceteffend can be used to pro-
duce real-time predictive animations of the pupil and imsler variable lighting condi-
tions. Combined, the proposed models can bring facial aromab new photorealistic
standards.

Keywords: Pupil-dynamics simulation, Physiologically-based modelpil light reflex,
Iridal pattern deformation, Human visual system, Face ation.






Modelos Fotorealistas para Dinamica Pupilar em Funcéo da llminacéo e
Deformac&o dos Padrées da iris

RESUMO

Este trabalho introduz um modelo fisioldgico para o reflexpilpu em funcdo das
condi¢des de iluminagcad’(ipil Light Reflex PLR), e um modelo baseado em imagem
para deformacao dos padrdes da iris. O modelo para PLR sgpreiametro da pupila
ao longo do tempo e em funcao da iluminagéo ambiental, seaglwitb por uma equacéo
diferencial com atraso, adaptando naturalmente o tamaampapila a mudancas bruscas
de iluminacdo. Como os parametros do nosso modelo séo desiggolartir de modelos
baseados em experimentos cientificos, ele simula corratarnecomportamento da pu-
pila humana para um individuo médio. O modelo é entdo esterghira dar suporte a
diferencas individuais e a hippus, além de utilizar modpkos laténcia e velocidade de
dilatac&o e contracgao.

Outra contribuicdo deste trabalho € um modelo para def@miasalista dos padrées
da iris em fungéo da contracao e dilatagdo da pupila. Apdsmeavarias imagens de iris
de diversos voluntarios durante diferentes estagios d&addo, as trajetorias das estrutu-
ras das iris foram mapeadas e foi identificado um comportemmeédio para as mesmas.
Demonstramos a eficacia e qualidade dos resultados obtidogarando-os com foto-
grafias e videos capturados de iris reais. Os modelos agsapados produzem efeitos
foto-realistas e podem ser utilizados para produzir ani@spreditivas da pupila e da iris
em tempo real, na presenca de variagdes na iluminagdo. Caaalsinos dois modelos
permitem elevar a qualidade de animacdes faciais, maiciispmente, animacdes da
iris humana.

Palavras-chave: Simulacéo de dinamica pupilar, modelo fisiologico, reflexpifar a
luz, deformacéo de padrdes da iris, sistema visual humamagéo facial.
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1 INTRODUCTION

Arguably, the most important feature in facial animatioa e eyes, which are essen-
tial not only in directing the gaze of the audience (LEE; BAER; BADLER, 2002), but
also in conveying the appropriate degree of expressiongfirpupil dilation and constric-
tion movements (WATT; WATT, 1992). Hence, for animationgidéng close-up views
of the face (Figure 1.1), natural-looking eyes and pupil emgnts are highly desirable.

Walt Disney once said to his animation team that the audievatehes
the eyes and this is where the time and money must be speetchtdracter
is to act convincingly (WATT; WATT, 1992).

k]
==

Figure 1.1: Photograph of a human iris. Image courtesy ofr@iGanha.

Differently from most of the body, the human eye is subjecsdmne involuntary
movements of the pupil, which are determined by ambienmilhation, focal length,
drug action, and emotional conditions, among others (REEVIRR0; ELLIS, 1981,
CALCAGNINI et al., 2000). Pupillary light reflex (PLR) is respsible for the constric-
tion of the pupil area in highly lit environments and for iigation in dimmed ones. Spon-
taneous irregular variations in pupil diameter are callggis, occurring in a frequency
range of 0.05 to 0.3Hz, oriented by the nervous system (TREYRORER; CURRAN,
1984; STARK, 1939). PLR and hippus are an integral part of @ully&xperience and,
except for drug-induced action, is the most noticeable ohsavoluntary movements of
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Figure 1.2: Examples of close up scene in recent moviesations: (a) Nvidia’s model,
Adrianne (nVidia nZone, 2007); (b) Flik in Bug’s Life (SforiakeIDesktop.com, 2007);
(c) Jack-Jack in The Incredibles (PIXAR, 2007a); (d) Monkeyn Acceleracers (HOT
WHEELS, 2007); (e) Marlin from Finding Nemo (PIXAR, 2007b)} Gollum from Lord
of the rings (MMVII New Line Productions, 2004); (g) Eva Byfeesenter of Fantastico
at TV Globo (GLOBO, 2004); (h) Orc from Warcraft game (ESCALOBRFREE.FR,
2007); (i) Shrek in Shrek 2 (REBELANCER, 2007); (j) Face from ap&rblender tuto-
rial (JCH DIGITAL DESIGNS, 2007); (k) Sid from Ice Age (TWENTIEH CENTURY
FOX, 2006).

the pupil. As track of these the pupil movements by motiortwapsystems is impracti-
cable, since the light conditions have to be simulated dythe capture, this work creates
a predictive biophysically-based approach to pupil movene

The human iris, in its turn, is a muscular tissue containexesal easily identifiable
structures, such as the collarette, pigment spots, andscflffgure 1.1). Together, they
define patterns, believed to be unique to each person (DAUSM®O0?2), that are de-
formed as a result of changes in the pupil diameter. Althqugdil light reflex and iridal
deformations could be animated using standard comput@hgstechniques, such as
parametric representations controlled by velocity cuM@&TT; WATT, 1992), the use
of physiologically-based models guided by physically megful parameters can make
the process more predictable and automatic, which, in taay, result in more realistic
and reproducible animations of these movements.

This thesis presents a physiologically-based model fdisteaanimation of pupil dy-
namics and iridal pattern deformation. The model combinesestheoretical results from
the field of Mathematical Biology (LONGTIN; MILTON, 1989) witexperimental data
collected by several researchers relating pupil diametérd intensity of environmental
light (MOON; SPENCER, 1944). The proposed model is extendesuipport individ-
ual differences, hippus simulation and latency and vefacibdels. The iridal pattern
deformation is modeled by acquiring a set of high-resotupbotographs of real irises
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at different levels of pupillary dilation and by trackingeih features across the set of
images. By analyzing the tracked positions, a simple armallyéxpression for the iridal
pattern deformation as a function of the pupil diameter isioled (Section 6). The result-
ing model produces high-fidelity appearance effects andearsed to produce real-time
predictive animations of the pupil and iris under variai@ting conditions (Section 5.5).
To the best of our knowledge, these models are the first plogstally-based model for
simulating pupil light reflex presented in the graphicsrétere (the first model ever to
simulate individual variability in terms of PLR sensitiit Section 5.4), as well as the
first model for iridal pattern deformation. The effectiveseand quality of the models
are demonstrated by comparing the results with photograptisrideos taken from real
irises (Figure 1.3). Table 1 summarizes the main mathealadind physical quantities
considered throughout this work.

Symbol  Description Physical Unit
t current simulation time milliseconds (ms)
T pupil latency milliseconds (ms)
Ly, luminance foot-Lambert (fL)
Ly luminance blondels (B)
I illuminance lumenshm? or lux
R light frequency hertz (Hz)
D pupil diameter millimeter (mm)
A pupil area squared millimeten(mn?)
8, a, v, k rate constant none
o) retinal light flux lumens (Im)
b retinal light flux threshold lumens (Im)
x muscular activity none
Ty individual variation (iso-curve) r; € [0, 1]

Table 1.1: Table of symbols. A summary of the the main mathieadaand physical
guantities considered in the development of the proposetkefao

1.1 Structure of this Thesis

The remaining of this thesis is organized as follow: Chaptdis2usses some tech-
nigues for image synthesis of the human iris and eye. Chaptidvs the eye anatomy
and physiology and presents a mathematical model for mgtstre. Chapter 4 presents
models for pupillary movements, latency and constrictidation velocity. Chapter 5
introduces the model for pupil light reflex and extends ititowdate hippus and individ-
ual differences. Chapter 6 presents the image-based madetiad pattern deformation.
Chapter 7 discusses an application example in computer igeagfowing a human face
rendered using the proposed models to simulate the pupilrendesponses to the en-
vironmental light. Finally, Chapter 8 summarizes this thesid lists some avenues for
future exploration.
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Pupil Diameter In Time
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Figure 1.3: The comparison of the proposed models with rsals: (Top-Left) the results
of the proposed pupil light reflex and iridal pattern defotiora models; (Top-Right) A
frame from a nine-second-long video sequence showing aminsaxposed changes in
lighting conditions; (Bottom) a graph comparing the pupdrdeter as a function of time.
The dots represent the values manually measured for eacle fohthe video sequence.
The solid line shows the simulated results obtained withRhB model. Note how the
simulated results satisfactorily predict the real ones.
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2 RELATED WORK IN COMPUTER GRAPHICS

A few researchers have addressed the issue of realisticrhiunisaynthesis. Lefohn
et al. (2003), based on ocularist knowledge, created a model éontiman iris blending
several layers of semi-transparent textures, each onaioorg some eye feature, mapped
in cones (Figure 2.1). The textures are created by artistsarry no information about
the physiology of the iris.

eo@®

L S S S SL SphS

. "
TR = Py
.. D5 N e
® 0" P .l
Sphs sC sC C SphC PC *
& # 'I Wy - - .\ -
o0 S o I ,g?.?. .
o % "l'r. i L
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Figure 2.1: Results from Lephaet al.. (left) Example textures containing Stroma (S),
collarette (C), limbus (L), pupil (P) and sphincter musclet{scomponents; (right) The
final synthetic iris. From (LEFOHN et al., 2003)

Other image-based approaches have been proposed Bt @ui(2004), Weckeret
al. (2005) and Makthal and Ross (2005). Essentially, they deocsmp set of iris im-
ages using techniques such as principal component arfa(@if et al., 2004), multi-
resolution and wavelet§WECKER; SAMAVATI; GAVRILOVA, 2005) and Markov ran-
dom field$ (MAKTHAL; ROSS, 2005), and recombine the decomposed datgtzrate
new images of irises. The algorithm proposed by Weéteal.. needs a pre-processing
stage where the center of the pupil and the iris are alignddrapupil is removed. The
algorithm can only join images with equal featurés.(the number of high-frequency
rings that were created by folds). The algorithm from Mak#ral Ross mix two or more

1A weighted sum, pixel-by-pixel, over two or more semi-traaent images.

2A transformation where the data set receives a new cooedsystem, in which new axes follow the
directions of largest variances in the data set (CUI et GD42.

3A set of orthonormal basis functions used to decompose & divection (or continuous-time signal)
into different frequency components. (WECKER; SAMAVATI; GRILOVA, 2005).

“Models used to describe the probability distribution gousg the intensity values of pixels in a specific
neighborhood (MAKTHAL; ROSS, 2005).
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user-defined iris features cutted from iris images. It nesdsser interaction to stop the
iterator when a good iris image is rendered (Figure 2.2).

WP R A e N LT RN A s ey N

Figure 2.2: Two synthesized iris by Makthal and Ross methotbmHMAKTHAL;
ROSS, 2005)

Zuo and Schmid (2006; 2006) created a 3D model of the irisdibEach fiber is a
continuous 3D curve in cylindrical coordinates, which isdered using the conventional
graphics pipeline (Figure 2.3). A final Gaussian-blur sssgaplied to the resulting image,
which is then used to represent the iris.

Figure 2.3: Results from Zuo and Schmid: (left) The 3D modeltfe collagen fibers
and (right) the four steps of the algorithm: (i) projectiditire fiber in image space; (ii)
adding a semitransparent top layer with an irregular edgentalate the collarette; (iii)
blurring the root of the iris and add a noise layer; (iv) addeyelids and eyelashes to the
final synthetic iris. From (ZUO; SCHMID, 2006)

Lam and Baranoski (2006) introduced a predictive iridaltligansport model (ILIT),
which computes the spectral responses of iridal tissuegites by biophysical param-
eters. As the result, their model predicts a uniform colotht® iris using subsurface
scattering techniqueésThis model, however, does not address issues related tndhe
phology and dynamics of the iridal tissues.

Finally, Francoiset al. (2008; 2007) estimate iris height m&dsom gray-scale im-
ages. Since they assume the light scatters more in thicggm® of the iris and less in
thinner parts, given a gray-scale picture of an iris, th&elaparts of the image represent

5A set of simulation techniques in which the light penetralessurface of a translucent material and is
scattered by interacting with internal tissues of the dbjec

6An image where each pixel stores a height value. When assddiatin object, the rendering process
will add the height value to the 3D position in the object aad associated to that pixel. In graphics
applications, a height map is used to simulate the displaoéof a given surface according to the values
stored in the map.
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thinner structures of the iris and lighter parts, the tiokees. The height map rendering
allows, in close up views, the perception of shadows (Figu® Their future work intent
to recover, from iris images, an approximation to respeatignsities of eumelanin and
pheomelanin pigment found in Stromal and ABL layers (disedss Chapter 3), needed
by Lam and Baranoski model (2006).

Figure 2.4: Results from Francasal. (left) Eye picture captured with polarizing filters
to avoid corneal reflections; (middle) Rendering of the r@sgliris model using the es-
timated height field; (right) Close up showing shadows. Insdgem (FRANCOIS et al.,
2008).

Sagar et al. (1994) developed an anatomically detailed huddée eye to be used
in a surgical simulator. In their model, Gaussian pertudoat were used to simulate
the waviness of ciliary fibers and the retraction of pupjllébers during pupil dilation.
Alternatively, depending of the level of object manipusatj a texture mappirfgpproach
was used to model the iridal appearance. Itis worth notiogidver, that their goal was to
achieve functional realism (FERWERDA, 2003) as opposed tsiphlor photorealism.

All these models and techniques, however, do not handldlaypimovements nor
deformation of iridal patterns.

A technique for adding details, color or texture to the stefaof geometric models used in graphics
applications. Such details are stored on structures cdbatlre maps".
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3 AN OVERVIEW OF THE HUMAN IRIS AND PUPIL

This chapter presents an overview of the human eye and shenatomy and physiol-
ogy. Its goal is to familiarize the reader with terminologydasome biological properties
that will be relevant in the following chapters.

The eyes are a fundamental part of the visual system foundnyrarganisms. They
can vary from the simplest eye which only detects light okdarthe complex ones with
350 degrees of field of view. The eye translates electrontagragiation (light), from
different wavelengths and intensities, to neural actiotepials and sends them to the
brain. Figure 3.1 shows the anatomy of the human eye.

Pupil

Iris Carnea

Posteriar chamiger Anterior chamber

aqueous humaur;
Zanular (aq )

fibres
Ciliary muscle

Suspensary

Optic disc
Optic nerve:

Retinal
blood vessels

Figure 3.1: A sketch of the human eye internal structuresr@o(WIKIPEDIA: the free
encyclopedia, 2007).

In humans, the electromagnetic radiation enters in the gydcornea, an elliptic
transparent layer with a refractive power of 43 dioptersughly two-thirds of the eye’s
total refractive power (PROENCA, 2006; BORES, 2002; BERG; TANJ4)9 The cornea
Is connected to the sclera, the white part of the eye. It cositnllagen fibrils and elastin,
just like the sclera, but has also a protein called keratit, thakes it transparent. Cornea
and sclera protects other internal structures of the eye (ES)RE02).

1The diopter is the optical power measurement unit which isaetp the reciprocal of the focal length
measured in metres. For example, if a person has -4 diopt@esaosightedness, it means that the farthest
point he/she can see clearly is one-fourth of a meter (abiriches) from his/her eye.
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Behind the cornea, there is a thick watery substance calledcag humour, con-
stantly produced by the ciliary process inside the ciliaoglypoand drained by the tra-
becular meshwork (Figure 3.2). It is responsible for prowgdnutrients to the lens and
cornea (BORES, 2002). The aqueous humour let pass waveleingth220 nm and
2400 nm, however after 980 nm the light rays are graduallpidiesi. This process is
independent of age (BOETTNER; WOLTER, 1962).

The lens (also called crystalline lens) are a transparesinizex and flexible (lentil-
shaped) structure with 15 diopters. It has from 7 to 9 mm aof@ier and from 2 to 4.5
mm of depth (SCHACHAR, 2005). Its curvature and thickness aamgéd by the ciliary
muscle to adjust the focal distance during the accommauaiibe lens are affected by
the age and the ratio of direct light transmission decreakes) time {.e. while a baby
perceives wavelengths starting at 300 nm, an adult can @nbejve wavelengths starting
at 400nm on average) (BOETTNER; WOLTER, 1962; SCHMID et al., 2004

Cornea

Schwalbe's line”
Trabecular Meshwork

Cibiform layer

Scleral spur

Canal of
Schlemm

_ Collection
% Channel

Ciliary Process '::'_- : . : — Sclera

Ciliary Zonules=
(Zonule of Zinn) -

Ciliary Muscle

Capillaries of S
Ciliary Process  Choroid Veins

Figure 3.2: A sketch of the connection between the iris, thera and the cérnea, inside
the human eye. The ciliary muscle, responsible to changtiseshape during accom-
modation, is connected to the lens by the Ciliary Zonulesr&o(DECKERT, 2007).

The retina, located in the posterior part of the eye, is thes@g element of the
pupillary system, consisting approximately of 130 milkoof photo-receptors (rods and
cones). It converts electromagnetic radiation, alreagyudbed by other tissues of the
eye, to neural action potentidlper unit of time. After the ganglion retinal cells, the
pulses pass through sustained X cells, which act as a low/{ijeess, and transient Y
cells, which are high-pass filters (PRIVITERA; STARK, 2006)ddhen, they are sent to
the brain through the optic nerve (TREVOR-ROPER; CURRAN, 1984¢ iflminance

2Neural action potentials, in neurophysiology, is a pulke-Wave of voltage that travels along several
types of cell membranes inside the optic nerve
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reaching the retina is measured in Trolaid) which means the photo luminaneg/m?
multiplied by pupil arearq?).

3.1 Thelris

The human iris has a diameter of about 12mm forming a dismritrols how much
light reaches the retina and divides the two aqueous filledpastments, of the anterior
and posterior eye chambers. Under high levels of lighting jtis dilates, flattening itself
and decreasing the pupil size. Under low levels of illumoatit constricts, folding itself
and increasing the pupil area. The pupil diameter varies ftcbmm to 8mm on aver-
age (REEVES, 1920), and, in general, itis not a perfect cifleo, its center may deviate
from the center of the iris by an offset of up to 20%, generadlyasal side (FREDDO,
1996).

Anterior Chamber
{Aqueous Humour)

Sphincter Pupillae
Muscle of iris

Figure 3.3: A sketch showing the dilator muscle, the spleinatuscle, ABL, Stromal
Layer and IPE. Extracted from (BELL, 1999)

As showed in Figure 3.3, the iris is a vascularized strucaine: consists of three lay-
ers: (i) anterior border layer(ABL) composed by a dense arrangement of pigmented
cells (melanocytes), collagen fibers and fibroblasts;s(ipmal layer a neuro-vascular
tissue very similar to ABL but loosely arranged; and (iii¥ pigmented epiteliungiPE),

a highly pigmented tissue made with epithelial cells formsopaque layer (IMESCH,;
WALLOW; ALBERT, 1997). The color of the iris is determined blget pigmentation
density, the quantity of hemoglobins and carotenoids, badtattering processes in the
ABL and stromal layersi . blue irises are a result of absorption of long wavelengthtlig
and reflection of shorter wavelengths by the iris tissue®)RBNOSKI; LAM, 2007;
FREDDO, 1996). Ambient illumination can change the iridalocas showed in Fig-
ure 3.4.

The human iris is also divided in two zones by tt@dlarette a delicate zig-zag line
also known as the iris frill (Figure 3.5). Thaupillary zone is the boundary area next
to the pupil. Theciliary zone extends from the outer border of the iris to the collaret
Each zone is characterized by a muscle in the stromal lajersfhincter located in the
pupillary zone inside the IPE layer and closest to Stroma,dscumferentially oriented
thin smooth muscle that constricts to decrease the pugl sihedilator, found in the
ciliary zone, is a radial muscle that constricts to increhsepupil size. Figure 3.5 shows
three visible features of the iris, formed by the collagemfbwhich have no genetic
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Figure 3.4: Two photographs of the same eye under diffefemhination conditions.
The image on the left was taken under natural lighting wHike image on right was
illuminated with a flashlight.

penetrancé (1) thin regions called crypts (also called Crypts of Fuct®)the collarette
and (3) highly dense pigment spots or moles, appearing malydover the ciliary zone.
There are three other visible features: (i) concentricofg'in ciliary zone, folds made
by the dilator muscle during the contraction; (ii) radiatrws closest to the pupil and
(i) the pupillary ruff located at the pupillary margin,fimed by a visible part of IPE.

Figure 3.5: Photograph of a human iris. The numbers indidafecrypt, (2) collarette,
(3) pigment spot, (4) ciliary zone and (5) pupillary zone.

The sphincter and dilator muscles are independently cdéeddo the autonomous
nervous system (ANS) (TILMANT et al., 2003; KRENZ et al., 1983 he sphincter is
innervated by parasympathetic nerves (PNS) while theatiliatinnervated by sympa-
thetic nerves (SNS). In such an arrangement, the two musues autonomously. The
parasympathetic and sympathetic pathways are distinchewer cross, so the pupil size
results from a balance of the separately incoming stimuhédwo muscles (BERGAMIN
et al., 1998). The Parasympathetic neural pathway, for pl@ratarts on the retina, pass

3The extent to which a genetically determined condition igregsed in an individual (DAUGMAN,
2002)
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through the Edinger-Westphal nuclei and ends on the irischay§igure 3.6) (PRIVIT-
ERA; STARK, 2006).

Light stimulus

Left eye »:—-\ —>~.  Righteye

\ Retina

Optic nerve

Ciliary
ganglion

Chiasm
P

Midbrain
i

Oculomotor
Il Nerve

\ .
[ '} Lateral geniculate
nucleus

—— Pretectal nuclei

Figure 3.6: Parasympathetic neural pathway of pupil ligiiex. The Parasympathetic
neural pathway starts on the retina, pass through the Bdifgstphal nuclei and ends on
the iris muscle. Source: (PRIVITERA; STARK, 2006)

The pupil moves in according to two actions: pupil light ref(ELR), the pupil re-
sponse for light reaching the retina and accommodationpthmel response for focal
length. There is also some involuntary variation cal@pus The ANS conducts the
PLR and hippus actions. Accommodation pulses, howeverptiaffect the iridal mus-
cles directly, only the ciliary muscle, which is located retroot of the iris suspending
the lens (TAMM; TAMM; ROHEN, 1992). During PLR, when light refaes the retina,
neural signals are sent by the SNS and the PNS pathways todtime Wwhich sends back
a signal for closing or opening the pupil. PLR can be modatlawd phases: perception
and, after some time delay, an adjustment. It is also an ebeaai@ negative feedback
system (PINGNET et al., 1988), since an increase of lightesilse a decrease of pupil
size.

Several researches found external factors that affect pigg though PLR, accom-
modation or hippus: lighting (REEVES, 1920; ELLIS, 1981; BES; CRAWFORD,
1933; MOON; SPENCER, 1944; POKORNY; SMITH, 1995), focal lengdASTHURI-
RANGAN; GLASSER, 2005; SCHOR; BHARADWAJ, 2005), spatial pattemsisual
field (UKAI, 1985; LI; LIANG; SUN, 2006; LI; SUN, 2005; REEVES]920), respira-
tory and heart rate (YOSHIDA et al., 1994, 1995; CALCAGNINI &t 2000), particular
states of mind and emotional factors, such as interest amosdy (HESS; POLT, 1964;
PEASE; PEASE, 2004), drugs and diseases (BERGAMIN; ZIMMERMKRRDON,
2003; KOJIMA et al., 2004), age (STRAUB; THIES; KERP, 1992; WINNag, 1994),
iridal color (BERGAMIN et al., 1998), spectral sensitivity (VREER, 2003), and even
the exact region on the crystalline lens reached by an intiight beam, called Stiles-
Crawford effect (STILES; CRAWFORD, 1933). Taking all these asp@to account,
when designing a physiologically-based model for the psig#, seems to be impractical
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due to their inherent complexity and limited supportingedat

3.2 Biological Iris Structure Models

Although the iris is a well-known structure in the biolodif@ld (FREDDO, 1996),
the literature seems to contain no analytical model desgyiils behavior. According to
Wyatt (2000), Rohen (1951) seems to have been the first rémzdocstudy the form of
the collagen structure of the iris. He proposed a model ferciilagen fibers in which
they are arranged in a series of parallel arcs, connectengiivoot with the pupil border,
clockwise and counterclockwise in an angle of 90 degreented by the center of the
pupil (Figure 3.7). These fibbers are interwoven with othisrgomponents like blood

oo

Figure 3.7: The collagen arrangement in a series of parafted model proposed by
Rohen (1951). Image source: (WYATT, 2000)

Newsome and Loewenfeld (1971) studied iris details suchathickness and course
of iris vessels, the size and shape of crypts and the pogtitire folds step by step, from
larger to smaller pupils. According to them, there are neolable differences in the iris
regarding light-induced or drug-induced pupil dilaticovistriction. The ciliary zone grew
steadily each step, but in contrast the surface area of thilgy zone did not change
until the pupil is quite small. This means that the ciliarymeas deforms linearly, while
the pupillary zone in a non-linear way. They also found loaed higher limits for this
non-linearity. However, the article points to possibleoesrin accuracy, specially when
the pupil size is large.

Based on the fibber arrangement proposed by Rohen, Wyatt (2@8€0¢d equations
that minimize the wear and tear of the collagen fibbers aratedea non-linear 2D math-
ematical model for iris deformation. However, Wyatt did moinsider iridal folds and
validated his model with canine, porcine and monkey iristhailigh this model was al-
ready used by iris recognition systems (WEI; TAN; SUN, 2000AN; SHI, 2005), there
are no studies indicating that Wyatt's model can be appbédaiman iris (WYATT, 2007).
Nevertheless, Waat al. (2007) and Yuan (2005) applied the Wyatt's model to humamn iri
recognition systems, reducing the recognition error bydathd 0.3% respectively.

3.3 Summary

This chapter presented a brief overview of the iris strugtand its neural system and
actions. Such a description was intended to provide jusigmoformation to familiarize
the reader with some concepts and terminology that will ks the next chapters,
such as the notions of pupil light reflex and its associatéaydé\n in-depth description
of these subjects is beyond the scope of this thesis and céoubd in many medical
literature sources (TREVOR-ROPER; CURRAN, 1984).
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4 MODELS OF PUPIL DYNAMICS

This chapter provides an overview of key models designedssestathe analysis of
PLR and hippus movements. These models take into accothrer explicitly or implic-
itly, a number of physical parameters related to these phena that will be explained
in the chapter: (iJatency (ii) the constriction velocity(iii) the dilation velocity (iv) the
maximum pupil sizeand (v) theminimum pupil sizeThe models described here form the
basis of the proposed physiologically-based PLR modeliiabe presented in chapter
5.

4.1 Empirically-Based Models

The pupillometry literature describes several modelst laribund experiments de-
signed to measure the values of some parameters as a fuattrandent light intensity.
Link and Stark (1988) performed a study where a light souras placed in front of the
subjects’ irises and, by varying the intensity and freqyeoicthe light, they measured
the pupillary latency, a time delay between the instant inctvithe light pulse reaches
the retina and the beginning of iridal reaction due nervadmassion, neuro-muscular
excitation and activation delays. Their results are sunredrin the model represented
by Equation 4.1. Incidentally, no information about how manbjects took part in the
experiment has been provided.

T(R, LfL) = 203—14 lTL(LfL) + 70R — 29Rln(LfL) (41)

wherer is the latency in millisecondd, ;;, is the luminance measured in foot-Lambert
(fL), and R is the light frequency measured in Hz.

Ellis (1981) performed a similar experiment (without catesing the light frequency)
with 19 volunteers to find three equations that provide tlegaye latency, and maximum
constriction and dilation velocities for a given light soerntensity. These equations are
given by

T(Leg) = 4457 —22.9L. + 76.2L2, (4.2)
Vo(Leg) = 0.15+2.0L4—0.17L2, (4.3)
Va(Leg) = 0.1640.72Lcq — 0.07L2, (4.4)

wherer is expressed ims, V. andV, are expressed imm/s, and L., is the intensity of
the light, measured inundelas/m?. Figure 4.1 shows a comparison between the latency
models from Ellis (Equation 4.2) and Link and Stark wher= 0.4 (Equation 4.1).

Similar models (MOON; SPENCER, 1944; GROOT,; GEBHARD, 1952; PGXY,
SMITH, 1995) predict an average pupil size as a function eflight intensity using a
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Figure 4.1: Comparison between latency models from EllisifEiqn 4.2) and Link and
Stark whenR = 0.4 (Equation 4.1).

few experimental measurements and previous available ttathose experiments, each
subject is seated in front of a white screen which fills motisfher field of view. The
uniform light intensity from the screen affects the pupdmiieter, which is measured after
the pupil reaches an equilibrium state. For instance, MoahSpencer (1944) examined
the available data and proposed a model for the pupil sizé @ivarage subject, that is
given by

D = 4.9 — 3tanh [0.4(logio(Ly) — 0.5)] (4.5)

where the pupil diameteb varies from 2 to 8mm, and, is the background luminance
level expressed in Blondels, varying frorfi® Blondels in sunny days to0—> Blondels
in dark nights.tanh is the hyperbolic tangent. Today, the model proposed by Mawh
Spencer is the most cited pupil-size model in the literature

The de Groot and Gebhard model (1952) was based in expesnmeotving 43 sub-
jects and is expressed as:

D — 1((0-8558-0.000401(log1o(La)+8.1)%) (4.6)

where the background luminance levelis measured in millilamberts{L). The Poko-
rny and Smith model is expressed by Equation 4.7:

D =5 — 3tanh(0.4(log1o(Leq))) 4.7)

Here, the luminancé., is measured in candelas per square metgh(?). Figure 4.2
compares the three models.

4.2 Physiologically-Based Models

In Mathematical Biology and related fields, models based gsiplogical and anatom-
ical observations were derived to express the relatiossaipong the pupillary action
variables without relying on quantitative experimentabdd&or example, Usui and Stark (1982)
proposed a parametric model of the iris to describe thecstatiracteristics of pupil re-
sponse to light stimuli, and to explain its random fluctuagion terms of probability
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Figure 4.2: Pupil diameter models as a function of luminasqaressed ind/m?. The
compared models are: de Groot and Gebhard (1952), Moon aswc8p(1944), and
Pokorny and Smith (1995).

density functions Recently, Tilmanet al. (2003) proposed a model of PLR based on
physiological knowledge and guided by experiments. Algtothey have obtained plau-
sible results, Tilmanet al. have recommended the use of another physiologically-based
model to monitor more accurately pupillary dynamics, nantieé time-dependent model
developed by Longtin and Milton (1989), which models theaiyiic non-linear behavior

of the pupil using a delay-differential equation. Delayfatiential equations (DDESs) are

a special kind of differential equations whose solution®ive past values of the state
variable (NORBURY; WILSON, 2000).

The Longtin and Milton’s equation describes the neural AMSways, presented in
the Section 3.1, to pupillary light reflex. Assuming thattak light reaching the retina
is converted to action potentials, Longtin and Milton déseithe efferent neural signal
E(t) arriving at the iris per unit of time, as

E(t)=(In {W} (4.8)

where( is a constant of proportionality angis the retinal light level measured in lumens
and defined by Stark and Sherman (1959pas I A: illuminance (, in lumensim?)
times the pupil aread, in mm?), 7 is the latency, and is the retinal light level threshold
(i.e, the light level below which there is no change in the pup@bdr The notation(t—7)
indicates that the current effect depends on the retinfat figx at a timer units in the past
(latency). The delay is calculated with the same physicligrarameters using equations
presented in the Section 4.1. As the efferent neural sigaahes the iris, it induces some
muscular activityr that may cause the pupil to dilate or constrict. Accordingaotridge
and Benton (1981), the relationship betwdeg(t) andx can be approximated by

E(t)=k (Z—f + @x) (4.9)

'Probability density functions are functions that représeprobability distribution in terms of integrals
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wherek is a proportionality factor and is a rate constant that depends on the definition
and units ofr used in the model. Longtin and Milton (1989) combine Equetid.8
and 4.9 as

— tar=7lIn — (4.10)

dt )
They express the pupil arehasA = f(x) and use the inversg ' (A) = g(A) =z
to removex from Equation 4.10. In their paper, Longtin and Milton use il fdinc-
tion (HILL, 1938) (Equation 4.11) as the functigh since it can approximate the elasto-
mechanical properties of the iris during the pupillaryatti

dx {¢(t—-7)}

AO"
A= = N 411
f(x) S + (4.11)
here, A’ andA + A’ are, respectively, the minimum and the maximum pupil ar@add is
the value ofr corresponding to the average pupil area. The Longtin antbMd model

then becomes (LONGTIN; MILTON, 1989):

dg dA B ot —1)
A dl +ag(A) =~vlin [ 7 1 (4.12)
where
AOn
gA) =z = {0 — 0 (4.13)

An S-shaped curve similar to the Hill function has been dbsdrin the physiologically-
based model of Usui and Stark (1982) to approximate the mligatheter of an average
individual under static illumination conditions.

4.3 Summary

This chapter presented the most important empirical andiplogically-based mod-
els for pupil dynamics. Among those, the models of Moon anehnSpr, and Longtin and
Milton are the most regarded ones in the literature. Themftire basis of the proposed
physiologically based model that will be described in Chapte
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5 THE PROPOSED PHYSIOLOGICAL-BASED MODEL

This chapter presents the main contribution of this theslie: physiological-based
time-dependent model for pupil light reflex, which suppantfividual differences, and is
represented by a delay-differential equation (DDE). Thedmted results are compared
against videos and photographs from real human irises.

The model of Moon and Spencer (Equation 4.5) is based on & sk$@ete mea-
surements and approximates the response on an averagduadiivnder various lighting
conditions. The measurements have been made after the gizgpihas stabilized for
each illumination level and, therefore, their model doesdescribe the pupil behavior
outside the equilibrium state. Moreover, pupil size, latgrtonstriction and re-dilation
velocities tend to vary among individuals exposed to theeskghting stimulus (MOON;
SPENCER, 1944; WINN et al., 1994), something that is not cagtbsethe model of
Moon and Spencer.

Longtin and Milton’s model (Equation 4.12) is time depenideemd adaptive, with the
potential to handle abrupt lighting changes. It is a thecaétmodel and, unfortunately,
Longtin and Milton did not provide the values for the variqpeameters in their model
(i.e. v, a, 0, n, ¢), as these, in principle, depend on the abstract notioridzflimuscular
activity z, individual differences, as well as on the use of the Hillduon. The use of
incorrect parameter values will not produce realistic issand may cause Equation 4.12
not to converge.

Starting from the Longtin and Milton’s and from Moon and Spers models, a prac-
tical model that predicts the pupil diameter for the nonidojium case based on ex-
perimental data is derived (Section 5.2). Section 5.4 shmwmsthe basic model can be
extended to take individual variability into account.

The goal is to be able to exploit the flexibility of the Longénd Milton model while
replacing the Hill function with the human-pupil-specifiqerimental data that forms the
basis of the Moon and Spencer model. In order to show how #ride done, a series of
algebraic manipulations on the expressions of both moddlbevmade until recover the
desired parameter values simply by comparing the two reguixpressions.

5.1 Equilibrium Case

Under constant lighting conditions, the pupil area in thedgtn and Milton’s model
will converge to an equilibrium state, where

dg dA 0
dA dt
Under such circumstance and assuming there is no occuroémgepus,p becomes
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time invariant. Also, recall thatn(m/n) = In(m) — In(n) and, therefore, one can
rewrite the Longtin and Milton model (Equation 4.12) for #guilibrium case as:

ag(A) = v (in(¢) — in(9)) (5.1)

In turn, the Moon and Spencer model can be rewritten as

(75 =t (g 00 ()

and since the hyperbolic tangent is an odd function, one@arite the above equation as

D —49

—2.3026 atanh < ) = 0.4(In(Ly) — 1.1513) (5.2)
whereatanh is the arc-hyperbolic tangent. Comparing Equations 5.1 ahdrborder for
the Longtin and Milton’s model to fit the response of Moon apeéi&er’s average subject
under the equilibrium conditions, one has

D —4.
—2.3026 atanh ( 3 9) ~ ag(A) (5.3)

0.4(In(Ly) — 1.1513) =~ ~(In(¢) — In(o)) (5.4)

From Equation 5.4 one can estimate the value of the paramet®ne should note
that L, is expressed in Blondels whilg is given in lumens. Although, in general one
cannot convert between two photometric quantities, thislimdone under some well-
defined situations (OHTA; ROBERTSON, 2005). Since Moon anenSpr’'s data were
collected with the subject seated before a large white sapéeniform intensity which
covers most of their field of view, one can assume that the tegching a person’s pupll
has been reflected by a perfect (Lambertian) diffuse surfRezall that an ideal (loss-
less) diffuse reflector returns all of the incident flux sottitereflectancep = 1 and its
BRDF f = 1/7 (NICODEMUS et al., 1977). For such a reflectorBlondel =105
lumens/mm (OHTA; ROBERTSON, 2005). Since the light fluxdepends on the area of
the pupil, in order to estimatg one first evaluate the left-hand side of Equation 5.4 for the
entire range of illumination covered by the Moon and Spesaeodel: L, € [107°,10°]
Blondels. For each value dfy,, one then use Equation 4.5 to estimatgfrom which the
pupil aread = 7(D/2)?, and theny, are computed. The retinal light level threshald
= 4.8118 x 107'° lJumens was obtained using the pupil diameffgr = 7.8272 mm,
predicted by Equation 4.5 fdr, = 10~° Blondels. Using the tabulated data for the left-
hand side of Equation 5.4 and the conversion scheme justidedcone get the following
fitting:

0.4(In(Ly) — 1.1513) =~ 0.45 (In(¢) — In(¢)) — 5.2 (5.5)
whose quality of the approximation is illustrated in Figré (left). The vertical axis of
the graph (scaled muscular activity) represenisA), whereg(A) = x is the muscular
activity. The extra constant5.2 translates the function on right-hand side of Equation 5.4
vertically, improving the fitting. Given Equation 5.5, onancreplace;(A) with M (D)
(Equation 5.3), withv = —2.3026, whereM (D) is given by

M(D) = atanh (D _34‘9> (5.6)
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Thus, the equilibrium situation can be expressed by Equdii@. As expected, it
approximates the Moon and Spencer’s function (Equatiopférshe pupil diameter of
the average subject quite well. The absolute value of tlierdiice between Equations 4.5
and 5.7 is unde2% (Figure 5.2) over the entire range [@f)—°, 10°| Blondels (Figure 5.1
right).

2.3026 M(D) = 5.2 — 0.45 In H 57

B 4R 045 (In(¢) — In(e) —52 ——

z 3N 0.4(In(Ly) — 1.1513) - -
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Figure 5.1: High-quality fittings: (left) Both sides of Eqieat 5.5. (right) Equations 4.5
and 5.7, whose difference in absolute values is uatieover the entire rangg0—°, 10°]
Blondels.
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Figure 5.2: Difference between the values predicted by tbpgsed model and by the
Moon and Spencer model. The absolute value of the differsnalevays less thad%.

5.2 The Dynamic Case

Equation 5.7 cannot be used to describe the evolution ofup# giameter in time as
a function of instantaneous variations of the light intgnarriving at the pupil. Never-
theless, the obtained constants are still valid for the dyo&ase, since the equilibrium
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is just a special case of the more general pupil behaviorfoch the constants should
also hold.

In general, one cannot take an equation obtained for thdilegumn and generalize
it to the dynamic case. In the proposed model, however, shossible because of the
following constraints:

e ¢(A)andM (D) have no explicit time dependence;

e The range of values assumed Ayor D) is the same for both the equilibrium and
the non-equilibrium cases;

e There is a one-to-one mapping betweeandD.

By introducing time in Equation 5.7, a delay differential atjan is obtained that
corresponds to the proposed solution for the dynamic case:

dM dD D —4.9 ot — 1)
—— +2.3026 atanh =52-0451In | —= 5.8
dDdt+ 306acm( 3 ) 5 O5n[ 3 } (5.8)

where D and ¢ are expressed in mm and lumens, respectively. For latenoye use
Equation 4.1 noting that Blondel =0.0929 fL. Pupil constriction velocity is approxi-
mately3 x faster than (re)dilation velocity (ELLIS, 1981; BERGAMIN dt,d998). This
difference is took into account by using different time stéqr constriction {¢.) and di-
lation (dt;) in the numerical solver simulation:

T. -1, T. -1,
s dta= "33
wheredt, anddt, are measured in milliseconds, andT,, are respectively the current and
previous simulation times (times since the simulationtsthrmeasured in milliseconds,
S'is a constant that affects the constriction/dilation veyoand varies among individuals.
The higher the5' value, the smaller the time step used in the simulation assequently,
the smaller the pupil constriction/dilation velocity.

Figure 5.3 shows the evolution of the pupil diameter for theokl and Spencer’s
average subject simulated using Equation 5.8 consideontgesabrupt changes in the
environment luminance. The results are compared to th& statdels of Moon and
Spencer (Equation 4.5) and of de Groot and Gebhard (1952 tHe smooth variation
in pupil diameter and the latency)(included in the model.

dt.

(5.9)

5.3 Solving Delay Differential Equations

Techniques for solving DDEs are well known and several selveve been im-
plemented using explicit Runge-Kutta methods (SULEIMANLNAIL, 2001; GUIL-
LOUZIC; HEUREUX; LONGTIN, 1999; PAUL, 1992). However, as theoposed model
Is bounded by finite limits and the pupil diameter is alwaysife, a simple interactive
numerical solution can solve the Equation 5.8 in real tim@gctvis important for interac-
tive applications, such as video games. A linear iteratove/ergence process was imple-
mented which, given an initial solution and a time stép), approximates) by varying
dD until D, =~ D, ;1 + dD. Algorithm 1 shows a pseudocode of the solver applied to
Equation 5.8, considering latency as Equation 4.1 and itede@s an approximation to
Equations 4.3 and 4.4.
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Figure 5.3: Simulated results produced by the proposed higdeation 5.8) for the av-
erage subject of Moon and Spencer under non-equilibriunditions (solid line). These
results are compared to the static models of Moon and Spéh@4) (dashed line), and
of de Groot and Gebhard (1952) (dotted line). Note the Iaténcpredicted by the pro-
posed model and the smooth variation in pupil diameter.

5.4 Modeling Individual Differences

While Equation 5.8 simulates dynamic pupil behavior, it odbes so for the aver-
age individual represented by the Moon and Spencer modedreTére, however, sub-
stantial differences in the way pupils from different indwals react to a given light
stimulus. Such variations include differences in diam@@ERAWFORD, 1936; MOON;
SPENCER, 1944; GROOT; GEBHARD, 1952; ELLIS, 1981; WINN et al.,A)9%tency,
and constriction and re-dilation velocities (ELLIS, 198ERGAMIN et al., 1998). In
order to simulate individual differences, one cannot jubttearily change the parameter
values of the model, as Equation 5.8 may not converge.

Figure 5.4 shows the original data used by Moon and Spen8&ddjl1 The curve’,,
(shown in black) was obtained by converting the value&;oih the range of10~°, 107
Blondels to lumens (see Section 5.1) and then using Equatibto=ompute the corre-
sponding pupil diameter values used for plotting. The tog laottom curves(; andCh,
respectively, define an envelope containing all pupil di@mealues used by Moon and
Spencer.C, was obtained by fitting a 5 degree polynomial to 11 of the sesalpupil
diameter values along the entire luminance range. Likewisaas obtained by fitting a
5 degree polynomial to 11 of the largest pupil diameter \&lag, C,,, andC, are treated
as isocurves’(p) for some parameter € [0, 1], so thatC'(0) = C,, andC(1) = C;.
The individual differences is then modeled by associatingach individuall a random
numberr; € [0, 1] that corresponds to an isocurg&r;). To avoid convergence prob-
lems and still achieve the results corresponding to isativ;), C;, andC, are rewitten,
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Figure 5.4: Original data used by Moon and Spencer (19449.clinveC,,, corresponds
to Equation 5.7. The pair of curvé$ andC; define an envelope containing all data.

respectively, as new functiords , andC',p of the pupil diameter:

Cip(D) = —0.013D° +0.322D* — 3.096 D*
+13.655D? — 25.347D + 18.179
—5.442D% 4+ 1.387D* — 1.343D?
+6.219D% — 1.317D + 1.219

Cyp(D)

In order to obtairC;, the functiong”,,, andC; for L, are evaluated in the rangig) >, 10°]
Blondels, creating ordered pairs of diameter values, D) = (C,,(Ly), Ci(Ly)). Given
enough of these pairs, a curve was fitted expressings a function ofD,,, (or D for
short). The resulting curve 5, (Equation 5.10). The case 6}, is similar. The final
pupil diameter at any time is then obtained solving Equai@tor D and then evaluating

Dfinal = CbD<D) -+ (CtD(D) — ObD(D))T] (510)

This solution was adopted due to its simplicity and gengratine can easily replace the
curvesCyp (D) andCyp (D) with new ones, covering new data as they become available,
or representing other models.g, de Groot and Gebhard (1952)). Since the relative
distances ot’,, to C, and(C; vary for different values oD, no value ofr; will exactly
recoverC),. This is not a problem, however, &%, correspond to the average subject.
Other parameterizations are possible, including onesrtexpolateC;,, for a given value

of the parametep.

Although the proposed model properly simulates the el&&i@avior of the iris mus-
cular activity during changes in lighting conditions, itesonot model hippus.€., Equa-
tion 5.8 will converge to some pupil diameter value if thenhtigg conditions remain
constant). As random fluctuations whose causes are stilayak (UKAI; TSUCHIYA;
ISHIKAWA, 1997), itis currently not possible to define a plolegically-based model for
hippus. The hippus effect was visually approximated bym@gldome small random varia-
tions to the light intensity (betweei) %3 and10°2 Blondels), to induce small variations
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in the pupil diameter (of the order of 0.2 mm (HACHOL et al., Z)Qin the frequency
range of 0.05Hz to 0.3Hz. This significantly improves thdisaa of the resulting sim-
ulations and animations in indoor scenes. The high lumi@arstially found in outdoor
scenes tend to constrict the pupils and prevent the ocagm@moticeable hippus.

5.5 The PLR Model Validation

In order to validate the PLR model under non-equilibriumaitians and to show that
it is capable of representing individual variability, somealitative comparisons were
performed between actual pupil behavior and the resultghailations produced by the
model. For this, videos of normal subjects presenting Sggmtly different light sensi-
tivities (i.e., different PLR responses), were captured while a light wasetdon and off
several times. Since pupil constriction is bigger when layths are stimulated (THOM-
SON, 1947), the subjects kept both eyes opened. To avogluatnd habituation of the
iris (LOWENSTEIN; LOEWENFELD, 1964), less than one minute afao per subject
was recorded.

Lighting measurements made during video capture were usedpat to the PLR
model for simulating pupil behavior. The pupil diametersuiéng from these simulations
were then compared to the pupil diameters computed at ohaiivideo frames. The
subjects’ pupil diameter were measured at each frame ofitle®m\sequences. Note that
the simulated results are not expect to quantitatively mete observed ones, but rather
be in qualitative agreement with observed behavior.

The videos were captured using a Cannon ELURA2 miniDV camcofidéSC,
720x576 pixels) with progressive scan connected to a PC throufifeweire connec-
tion. The room’s light was kept dimmed so that the subjectgils could dilate natu-
rally to some extent, but not too dark that one could not seeptlpils in the individ-
ual video frames. Because of these constraints, only two mdigects (a 24-year-old
with green eyes, and a 26-year-old with blue eyes) with lgjgs were used. For each
frame, the pupil diameters were estimated from the set & pixels (pupil areaP,,..)
inside a specified rectangle containing solely the sulgjgutpil and part of the iris (Fig-
ure 5.5). GivenP,,.,, the pupil diameter was obtained (assuming the pupil is @dejir
asd = 2(\/Purea/™) pixels. The conversion from pixels to millimeters was perfed
considering a typical iris diameter 2 mm. Computing the pupil diameter as described
produces more accurate results than computing it as the eruafilpixels in the largest
straight segment in the set of dark pixels (the pupil).

Since the video frames were captured at approximately 3@hHzactice no variation
is expected between the pupil diameters in neighbor framdsenconstant illumination,
even in the presence of hippus. The average error in the dechpupil diameters is ap-
proximately0.1 mm by computing the average difference between estimated giajpn-
eters for neighbor frames. Based on the video sequefcgas set t&00 (Equation 5.9)
for the two subjects in all experiments. This value mader thienulated constriction ve-
locities approximate the ones in the video sequences. Hugudéncy of the two light
sources in silumations were empirically sette= 0.4 H z, a value that made the latency
estimated by Equation 4.1 approximate the latency obsenvée video frames.

The simulations were evaluated by experiments with botfestdbusing two different
kinds of light sources to induce pupil constriction: a snflkhlight and a 100 Watt
incandescent white light bulb. For light measurements, a20D Instrutemp digital lux
meter (precisiont3%, frequency 2Hz) was used.
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Figure 5.5: Estimating pupil diameter from a rectangulgroe containing only the pupll
and some iris pixels. The pupil diameter is estimated froenaifea occupied by the dark
pixels, assuming a circular pupil and an iris with diametet2mm.

5.5.1 The Flashlight Experiments

In these experiments, a light source induces significam@ésin the subjects’ pupil
diameters without introducing considerable changes iretharonment lighting condi-
tions. For this purpose, a small flashlight powered by a siAgiA battery (1.5 Volt) was
kept at about 20 cm from the subject’s right eye and pointet! &iven the small area
illuminated by the flashlight as well as it reduced power,rdedings from the lux meter
were very sensitive to even small changes in the relativéiposand orientation of the
flashlight with respect to lux meter sensor. Thus, two sitntes were runned using the
recorded data: (i) considering the light intensity estedatising Equation 4.5, and (ii)
considering the readings from the lux meter. These two @xyaits are explained next.

The first flashlight experiment: In this experiment, the Moon and Spencer equation
(Equation 4.5) estimated the light intensities duringagh@ndoff states of the flashlight,
based on the measured pupil diameters (from the video).eShee Moon and Spencer
function (curveC,, in Figure 5.4) represents the pupil behavior of an averadwiah

ual, theon (off) light intensity were estimated as the average of the coetpan (off)
intensities for both subjects. Using this procedure, ong eained 0! blondels when
the flashlight was on, anth~%° blondels when the flashlight was off. Given the average
luminance value for then (off) state and the corresponding pupil diameter for a given
subject, the inverse of Equation 5.10 estimatedthe(rs,,,) index for that subject. The
subject’s final; index was computed as the average betweemjjisandr;, . indices.
Using this procedure, one was obtainged= 0.4 for the green-eye subject angd= 0.03

for the blue-eye subject.

Figure 5.6 shows the actual pupil diameter measurementsrpesd on a frame-by-
frame basis along 9-second-long sequences captured forsedgect. The green '+
marks on top represent the measurements for the green-bjeetsuvhile the blue 'x’
marks show the measurements of the blue-eye subject. T illustrates the inter-
subject variability in terms of light sensitivity and shotie ability of the model to ap-
propriately represent such individual differences. Thdieal dotted lines delimit the
intervals in which the flashlight was kept on and off for eaabject. The solid and
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dashed lines represent the simulated results producecebydidel for the green-eye and
blue-eye subjects, respectively, and closely agree wilatttual measured values. These
curves were produced automatically from Equations 5.8 ab@d, ®n top of which small
random variations (hippus effect) are added as describélgeirprevious section. The
accompanying video shows side-by-side comparisons ofitméated results and videos
captured for the two subjects.

T Green-Eye Subject: Real + + + Simulated With Hippus
Blue-Eye Subject: Real Simulated With Hippus -----
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Figure 5.6: Comparison between the simulated results andureraents from real video
sequences using the flashlight as stimulus. The green '+tlandlue "X’ marks repre-
sent, respectively, the pupil diameter measurements éogrben-eye and for the blue-eye
subjects, obtained for all frames along a 9-second-longosgkquence. The solid and
dashed lines are the pupil diameters predicted by the plogstally-based model for the
green-eye and for the blue-eye subjects, respectivelr, eithdom noise (hippus effect)
has been added. The vertical dotted lines delimit the iaterin which the flashlight
was kept on and off for each subject. The predicted valuesetiagree with the actual
measured values.

The second flashlight experiment:n this experiment, the readings provided by the lux
meter for theon andoff states of the flashlight were used. These illuminance valees
350 luxt and 90 lux, respectively. One should recall that in such@pseimall changes in
the position and orientation of the subject’s head prodbesages in the illuminance at the
pupil. Therefore, these values are only approximationeeéattual illuminance reaching
each subject’s lit eye. Given the illuminance values andthigects’ corresponding pupil
diameters estimated from the video frames, the actual ‘pupihinous flux (in lumens)
was obtained at the two flashlight states, for each individdidese values were then
converted to blondels according to the assumption destnb®ection 5.1. Equations 5.8
and 5.10 estimated their correspondingndices (by averaging;,, andr;, ), obtaining

r; = 0.54 for the blue-eye subject and = 0.92 for the green-eye subject. Figure 5.7
compares the actual pupil measurements (same as in Figdreith the results simulated
by the model using the lux meter readings as input. The diffees between the simulated
curves shown in Figure 5.6 and 5.7 are primarily due to thedddndom noise (hippus).

1 lur = 1 lumen/m?



42

7 Green-Eye Subject: Real + + + Simulated With Hippus
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Figure 5.7: Similar to the graphs shown in Figure 5.6 butgigie illuminance readings
provided by the lux meter as input to the model. The simulagsdlts, including hippus,
for the green-eye and blue-eye subjects are shown as sdlidested lines, respectively.

5.5.2 The 100 Watt Lightbulb Experiment

For this experiment, a more stable light source to inducel popstriction was used:

a spot with a 100 Watt incandescent white lightbulb, kepbatéone meter in front and
one meter to the right of the subject’s head. This setup a&libthe subjects to remain
comfortable with their eyes opened while the light was on.

The environment light intensity was measured duringdhend off states by posi-
tioning the digital lux meter at approximately the same fp@siand orientation of the
subject’s right eye. During the blue-eye subject experite illuminance wag40 lux
when the light was off and15 lux when it was on. During the green-eye subject exper-
iment, the readings wer@l and540 lux, respectively. These differences resulted from
a darker environment and a slight approximation of the geensubject to the light
source. Again, the illuminance values and the subjects’esponding pupil diameters
(measured from the video) were used as input to Equationssl$.10 to estimate their
corresponding; indices (by averaging;,, andr; ). One was obtained, = 0.9 for the
blue-eye subject ang = 1.0 for the green-eye subject.

Figure 5.8 (top) shows the actual pupil diameter measurespemformed on a frame-
by-frame basis along 56 and 50-second-long sequenceseditu the blue-eye and for
the green-eye subjects, respectively. The vertical liredignit the intervals in which the
light was kepton andoff for each subject. The solid and dashed lines representrtihie si
ulated results produced automatically by the proposed m@&dpiations 5.8 and 5.10)
with and without hippus, respectively, and closely agreththe actual measurements.
Figure 5.8 (bottom) shows zoomed versions of portions ofgttaghs shown on top, ex-
hibiting off-on-off transitions.

One should note that the simulated results produced by tlie Radel closely ap-
proximate the actual behaviors of the subjects’ pupilslitha¢e experiments, illustrating
the effectiveness of the model. The differences inthadices for a given subject among
the experiments can be explained as:
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Figure 5.8: Comparison between the simulated results andureraents from real video
sequences using light emitted by a lightbulb as stimuluse khand '+ marks repre-
sent the pupil diameter measurements for the blue-ey¢ @edt for the green-eye (right)
subjects, respectively. Top row: values obtained for alifes along a 56- and 50-second-
long video sequence, respectively. The solid and dashed kne the pupil diameters
predicted by the physiologically-based model with and withhippus, respectively. The
vertical lines delimit the intervals in which the incandesstlight bulb was kept on and off
for each subject. The predicted values match the actualureasnts well. The bottom
row shows zoomed versions of the graphs shown on the top.

¢ In the two flashlight experiments, the pupil diameters usedhfeon andoff states
were the same, but the illuminance values provided by Eguati5 and by the
lux meter were different. The different indices simply retl¢he different light
sensitivities presented to the model as input;

e When comparing the 100 Watt lightbulb and the flashlight expents, both the
lighting and the pupil sizes varied for tlom andoff states of the light sources. For
instance, for the green-eye subject, the pupil diameters agproximately 4.3 mm
and 5.7 mm for thenandoff states of the flashlight, respectively (Figure 5.7). This
resulted in a; index of 0.92. In the case of the 100 Watt lightbulb experitmérese
values were approximately 4.3 mm and 6.0 mm, respectivety (e 5.8), withr; =
1.0. These two indices are relatively close and reflect tiierdnce in the maximum
pupil diameters between the two experiments. The diffexen¢her; indices for
the blue-eye subject were considerably bigger, from 0.53.9% Again, this can
be explained by comparing the measured pupil diametersitvib experiments.
These values went from approximately 3.2 mm and 4.2 mm iotrendoff states
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of the flashlight (Figure 5.7) to 4.4 mm and 5.2 mm in treandoff states of the
100 Watt lightbulb (Figure 5.8).

An important point to note is that by using an average of thenesedr; indices for theon
andoff states of the light source, the proposed model is capabgabstically simulating
the pupil behavior of individuals with considerable difaces in PLR responses under
different and variable lighting conditions.

5.6 Using de Groot and Gebhard Data

The de Groot and Gebhard average subject (Equation 4.@rsliffom Moon and
Spencer’s (Equation 4.5 - Figure 4.2), but one can adapttitgqua.8 to approximate de
Groot and Gebhard’s model. In fact, one can map the resulteqfroposed model to any
other. In this case, one first compute the diameter diffexghetween the two empirical
models for the light intensity range:

Ddiff(LZ” Lll) = DmOOn(Lb) - Dg'root(La) (511)

where D,,., Is Equation 4.5,D,,,. is Equation 4.6,L;, is the luminance measured in
Blondels and., the luminance in millilamberts. One then fits a polynomiathe values
of Dy;s¢ and approximate® ..o = Dnoon — Dairs. From this relation, one gets:

Dgroot(Dmoon) = Dimoon
+ 0.0054820 D>
— 0.14309 D} .
+ 1.481D?

moon

— 7.6023 D?

moon

+ 19.032 Dyoon
— 18.096 (5.12)

The Equation 5.7 is then adapted to approximate Groot anti&eis model.

2.3026 atanh (Dg’"""t@ - 4'9) — 52045 n [W; T)] (5.13)

whereg(t) = A(t) * I(t) = area(D(t)) * I(t) as¢ = area(D o0t (D(t))) * I(t).

The graph in Figure 5.9 compares the models of Moon and Spégieen dashed
line) and de Groot and Gebhard (red line), The graph also shiogvdifference between
the two models (double dotted brown line), and the evalanaiid=quation 5.12 using the
diameter from Equation 5.8 in equilibrium (dotted blue )inAs one can see, the model
was adapted to reach the same pupil diameter of de Groot aplda@kaverage subject.
Assuming the constraints discussed in Section 5.2, thetieguean be extended to the
dynamic case:

dM dD Dyroot(D) — 4.9\ o(t—1)
D di + 2.3026 atanh < 3 =52-0451n p (5.14)
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Figure 5.9: The proposed model simulating de Groin and Geldtata. Models of Moon
and Spencer (Green line) and de Groot and Gebhard (Red lieejunction difference
between them (Brown line), and the evaluation of Equatior2 fuding the converged
values from Equation 5.8.

5.7 Summary

This chapter proposed a physiological-based time-depgndedel for pupil light
reflex and an extension to handle individual variabilitpgus, latency and velocity mod-
els. It also discussed a way to implement a DDE solver for tiopgsed model. The
implementation of the model runs in real-time, predictingosth variation of the pupil
diameter under variable lighting conditions. The resuftde model closely agree with
the real data, captured from two subjects.



46

Algorithm 1 Pupil Diameter at Light Intensity

Require: intensity {Light intensity}
Require: time {Time}
Require: history {Initial state in tuples (time,intensity,diameter)}
Require: S {Constant for constriction/dilation velocity}
1

2: 7 « getLink AndStark Latency For(intensity) {Equation 4.1}
3: tuple < history.get(time — )
4: rightValue < evaluate RightSideO f Equation5.8(tuple)
5:
6: dD «+— 0
7: step «— 10;
8:
9: {100 iterations are enough}
10: for 0...100 do
11:  dT « (time — history.last().time)/S
12:
13:  if dD > 0 then
14: dT «— dT/3 {if dilating decrease the velocity}
15:  end if
16:
17:  leftValue « evaluateLe ftSide(dD, dT, diameter)
18:
19:  if leftValue = rightV alue then
20: return history.last().diameter + dD
21:  endif
22:
23:  if leftValue is not getting closer tarightV alue then
24: step < —step/2 {Invert and decrease the size of step}
25 endif
26:
27 dD < dD + step
28: end for
29:

30: return history.last().diameter {If here, the process did not rge}
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6 MODELING THE IRIS DEFORMATION

This chapter describes the second contribution of thisshes image-based model
for iridal pattern deformation obtained from the analydiseveral high-resolution pic-
tures and videos taken from nine volunteers with differeduiced pupil sizes. A com-
parison of the model renderings with photographs evalubtemodel.

Figure 6.1: Sample images from the four devices used to mpia deformation. (top)
Two keratometers images: (top-left) at UFRGS University piag and (top-right) at
USP/SC Optics Department. (bottom) Photographs of thesifisom two subjects.

As the pupil diameter varies, the iridal patterns deformoadingly. Although the
iris is a well-known structure in the Biology/Medical litévae (FREDDO, 1996), there
IS no general agreement about a model of its behavior. Thesigtderive a model for
iridal pattern deformation by analyzing sets of photogeagatken from volunteers under
controlled conditions. In the beginning of the work two Keraeters were used instead of
digital cameras, but their images had limited resolutieanegally they were out of focus
and one of devices could not capture the entire iris surfacel&@neously (Figure 6.1 top-
left). Images taken with digital cameras can achieve bébimss and image resolution,
but tend to have more corneal reflection (Figure 6.1 bottdNgvertheless, the images
taken with digital cameras were better suited to track tisegatterns.

In the experiments, an eye doctor dilated the pupils of faalunteers with some
mydriatic drug and one person photographed their irises\varal stages during the pupil
dilatation process using a Canon PowerShot SD 400 cameranaitho lens. The images
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Figure 6.2: Left: Photograph of a volunteer’s iris takenidgithe dilation process. The
color dots indicate tracked points;;, the center of the pupd’;;, and the border positions
B;j, associated with feature poinfs;,. A red circle approximates the pupil. Right:
Evolution of the positions of the 50 individually trackedlal features during the dilation
process. Each feature is identified by a different color.eNbtt for better contrast the
color of white dots was changed to black lines.
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Figure 6.3: Measured values for some tracked feature palatg) the dilation process.
(a) Distance from¥;; to C;;. (b) Distance fromF;;;, to the B;;;. (c) Ratio between the
distance from¥;;; to the B;;;, and the local width of the iridal disk. To a first approxima-
tion, one can assume that the first two measurements vagrlynevhile the third one is
constant.

were taken at the resolution of 2,0481,536 pixels, and were then cropped to square
Images containing only the iris and pupil. After croppinige smallest image was 800
x 800 pixels and the larger ones were rescaled to fit the samendions. Thus, let
S; = {I, Lo, ..., I;» } be the set of, images from a given volunteéf, taken along the
process, sorted by pupil diameter, for each imagea circle on the outer border of the
iris and another one at the border of the pupil were positidtiee two circles delimit the
iridal disk). The center of the pupdl;; was marked as the center of the inner circle and,
after it, a series of iridal feature§t;;,, Fijo, ..., Fijn } Were marked and tracked along
the set of images of each volunteer. Since the inner circtnig an approximation to
the pupil border and that the center of the pupil does notsseedy coincide with the
center of the iris (Section 3.1), each tracking padif)y. was adjusted the pupil border
position B;;;, along the segment;;;, — C;;. Figure 6.2 (left) shows an image with the
tracked featured’;;, indicated by a set of colored dots, the approximated pupidiéro
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(d) Lia (e Iis

Figure 6.4: Set of images used to track the 50 iridal featofesne volunteer along
the dilation process. Color dots indicate correspondingitgan the different images
{Fi..-Fis }. From left to right, the pupil diameter values are: 3.7044®53, 6.57, and
8.81 mm, respectively. The apparent changes in iris coldae to the changes in the
position of the light source used to illuminate the subgeeye (the camera’s flash was
turned off).

(red circle), and the actual pupil border positiBy), associated to each featufg,. The
complete set images used for tracking the features of thefirthis volunteer is shown
in Figure 6.4. Figures 6.9 and 6.10 show some of the featackeéd points along the
dilation process for two different subjects. In those exk®i@ small number of points
was used to facilitate the visual tracking of these pointthieyreader.

Figure 6.2 (right) shows how the positions of the individydtacked iridal feature
points (identified by different colors) changed along tHatdin process. The trajectories
of the points both on the pupillary and ciliary zones move ppraximately radial paths.
Although some imprecision in the exact location of the ppmight have resulted from
the manual specification, most of the deviation from thealgolths result from the exis-
tence of blood vessels under the iris, and from crypts, alus {ohe iris folds its tissue as
a result of pupil dilation) (Figure 6.7) that prevent irisipis from always moving along
radial lines. Such structures vary considerably amongiddals but, their influence on
the paths of the feature points usually have small magnittidgire 6.2 right). Therefore,
as a first approximation, one can assume that the iris poiat® ralong straight lines in
the radial directions. It is worth noting that Wyatt's 2D neb@WYATT, 2000) does not
take the influence of these structures into account eithi&ewlise, points on the pupil-
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Figure 6.5: Comparison of the results produced by the praposadels with a set of
photographs taken from the first subject. Top: renderingslyred using the proposed
models for environments illuminated wi#s, 638.70 and2, 928.78 lumensim?, respec-
tively, for the first two images. The third one simulates a ngtit-induced dilation, a
excessive pupil dilation due the use of mydriatic dropshsagtropicamide. No lighting
model was used to render these images. Bottom: photograghswhan iris with the
pupil at different diameters. The rightmost image was oi@diafter a mydriactic-induced
dilation.

lary and ciliary zones also move in the same way (along rdidies), characterizing their
movement as independent of muscle orientation.

In order to find how fast the feature poinks;, moved, the following measures were
computed during the dilation process: (i) the distance ftbentracked feature point to
the pupil center; (ii) the distance from the tracked feapoet to the pupil border; and
(ii) the ratio between the distance from the tracked parihe pupil border and the local
width of the iridal disk. One should recall that the pupil & necessarily circular and that
its center does not necessarily coincide with the centenefris. While measurements
(i) and (ii) presented a pretty much linear behavior, theregpresented by (iii) was
approximately constant for all feature points (Figure 6ght). The same behavior was
observed in the irises of all five volunteers. Like the vaoias in the trajectories of
the points shown in Figure 6.2 (right), the deviations froomizontal lines in Figure 6.4
(right) are caused by the subjects’ iris structures, sfigdize iridal folds. Again, as a
first approximation, the following ratio can be assumed tamsor any iridal poin©, ;;,
for all values of pupil diameters:

o — ik — Bigi
" 04k — Bl

whereO, ;. is a point on the iris outer circle collinear to the segment — B;;;, and|).||
is thel? norm. Then, the following invariance holds for feature pdity; for all values

(6.1)
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Figure 6.6: Comparison of the results produced by the praposadels with a set of
photographs taken from a second subject. Top: renderirggiiped using the proposed
models for environments illuminated wittv3, 304.70 and2, 255 lumensfm?, respec-
tively, for the first two images. The third one simulates a ngttt-induced dilation. No
lighting model was used to render these images. Bottom: ghapdis of a human iris
with the pupil at different diameters.

of pupil diameter. These measurements are plotted in thghgrahown in Figure 6.3.
Figure 6.11 shows a comparison between the ratwhen the pupil is approximated by
a perfect circle (top row) and when Equation 6.1 is used (feidolv) for eight group of
features.

Discounting the error introduced by the manual specificedicthe feature points and
a little variance made by the influence of certain folds amdbblvessels, one can assume
the distances defined by (i) and (ii) vary linearly (Figure3a6and 6.3b, respectively),
while the ratio in (iii) remains constant along the entireation process. Figures 6.12
and 6.13 show the graphs discussed in this section for twer etilunteers. Figures 6.5
and 6.6 compares the results produced by the proposed maitlelseal photographs.
Note that the deformed patterns closely approximate the mnghe photographs.

Using high-resolution images of the human iris, cryptsymegt spots, and the col-
larette tend to move in a similar way. Such movements seene &olmehow indepen-
dent of muscle influences, as suggested by Newsome and Ltsd/e(NEWSOME;
LOEWENFELD, 1971). For all these structures, however, ladigectories with minor
deviations were observed at some points due to the existéideod vessels and folds in
the subject iris. Newsome and Loewenfeld did not commestribin-radial trajectories.

Some tracked features presents a non-linear behaviorppss®d by Rohen (1951)
and formalized in a 2D model by Wyatt (2000). However, in th@k, this do not always
happens and the variations driven by blood vessels and éo&lgreater than that non-
linearity 6.7. Thus, to consider the Wyatt’s model and prethie behavior of a specific
iris, it is needed first a 3D model for predict the influencehaf blood vessels and folds in
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Figure 6.7: Example of the influence of folds in the radiajectories and in the ratio.
Left: real and simulated irises with pupil diameteréodmm (top) and8.6mm (bottom);
right-top: the ratior; for each tracked feature as a function of pupil diametertrig
bottom: the trajectories of the tracked features ffoémm and8.6mm of pupil diameter;
(a) and (b) are the distance from pupil border to the featureal and simulated irises.
Although the (a) remains constant frahtmm to 8.6mm, the (b) decreases folowing the
image-based model.

the iris meshwork. Meanwhile, the approximation to radiajeictories and the constant
ratior; creates a plausible animation of the iris.

6.1 Animating the Deformed Iridal Patterns

The animation of iridal pattern deformation was using a atamiangle-strip mesh
on the disk defined by the two circles delimiting the iris (g 6.8 bottom) and using
a picture of an iris with a small pupil diameter as a texturextlire coordinates map
the border of the pupil to the inner circle of the mesh, aneéiohorder of the iris to the
outer circle of the mesh. Currently, the mesh is tessellateatiog a pair of triangles at
every five degrees. The animation proceeds by computingevepnipil diameterD as a
function of the incident lighting using Equation 5.10. Eaelntexv;, located on the inner
circle of the mesh, is repositioned at a distaht& along the radial line connecting the
center of the pupil t@;, while keeping their original texture coordinates.

One should recall that the center of the pupil does not nadgsmatch the center of
the iris, thus, it is important to keep the coordinates ofdéeter of the pupil. When the
pupil grows, you may also add a variation to the location atithpupil center up to 20%
to the nasal side (FREDDO, 1996).

Figure 6.8(top) shows two renderings created using thegsegbmodel for pupil di-
lation/constriction and iridal pattern deformation. Ndtat the patterns deform in a very
natural way. These images were simulated for light inteassitf 105 Blondels (left) and
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Figure 6.8: Example of irises rendered using the proposedeimtor pupil dila-
tion/constriction and iridal pattern deformation. Note timtural deformation of the pat-
terns. Top: images simulated for light intensities16f Blondels (left) andl Blondel
(right). Bottom: triangle meshes used for renderings.

1 Blondel (right). The corresponding meshes are shown at ttierho

Since the implementation of the proposed model uses tertapping on planar tri-
angle strips, and recalling that Franceisal. (2008) uses a height map to build a 3D
mesh of the iris, one can extend the triangle strip by addwegheight map to it, whose
rendering allows, in close up views, the perception of shaddrelief information could
be added to the proposed model in a straightforward wayyaipsome interesting shad-
ing effects such as projected shadows and self-occlusPO&ICARPO; OLIVEIRA,
COMBA, 2005; OLIVEIRA; POLICARPO, 2005). This can avoid the digion of the
shadows or light as happens in Figure 6.6 (top). With a thireeisional model for the
iris, other extension may support the Lam and Baranoski md\l; BARANOSKI,
2006), creating a realistic and predictable iris synthasis animation. Also, no corneal
refraction is used. Thus, at grazing angles, in additiorhodistortion resulting from
pupil dilation/constriction, one would perceive the puatjee distortion due to texture

mapping.

6.2 Summary

This chapter presented an image-based model for irida¢nmatteformation. The
images generated by the proposed model were compared vatographs taken during
light and drug pupil-induced dilation. It also suggestehsgossibilities for future work
supporting the ILIT model (LAM; BARANOSKI, 2006) and the Figois et al. (2008)
3D rendering technique.
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Figure 6.9: A subset of the 22 feature points from subjectlmemtwo tracked along the
dilation process: (a) to (e). A plot of the trajectory of tegmints (f)
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Figure 6.10: A subset of the 29 feature points from subjentler two tracked along the
dilation process: (a) to (e). A plot of the trajectory of tagmints (f)
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Figure 6.11: The 50 feature points showed in Figure 6.2 dibiich eight groups. The top
rows of (a) and (b) show the evolution of the ratio betweendiseance from the feature
point to the pupil border, defined by the red circle, and tleallevidth of the iridal disk.
The middle rows of (a) and (b) show the same ratio but with thalgorder defined by
B;ji. The bottom images show the group of points considered in ealamn.
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Figure 6.12: Result of the tracked feature points for a secuject. (a) and (b) show
the position of each featurg;;;, relative to pupil center and pupil border respectively.
Note the linearity of these graphs. (c) the trajectoriesaghefeature point when the pupil
dilates. (d), (e) and (f) are the ratip (Equation 6.1). Note that, despite some precision
problems when marking the features, these ratios are aippatedy constant.
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Figure 6.13: Result of the tracked feature points for a thitoject. (a) and (b) show the
position of each featuré;;;, relative to pupil center and pupil border respectively. éNot
the linearity of these graphs. (c) the trajectories of eaature point when the pupil
dilates. (d), (e) and (f) are the ratip (Equation 6.1). Note that, despite some precision
problems when marking the features, these ratios are ajppatedy constant.
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7 APPLICATION OF THE PROPOSED MODELS IN
COMPUTER GRAPHICS

In order to demonstrate the potential use of the propose@imadcomputer graphics,
this thesis presents an application example, which reradetsnan head model in an en-
vironment illuminated by high dynamic range (HDR) light pesb A light probe image is
an omnidirectional image that records the incident illuation for each solid angle An
HDR light probe image is a light probe that allows a greatageaof exposures than nor-
mal digital imaging techniques. The intention of HDR is tc@a@tely represent the wide
range of intensity levels found in real scenes recordingcates value inumens/mm?.
The HDR images were obtained from Paul Debevec’s web sitBEHC, 2007) and
from ICT Graphics Lab (INSTITUTE OF CREATIVE TECHNOLOGIES, 2007

Figure 7.1: Two screenshots from the demo application edetat illustrate the use of the
proposed models in computer graphics. From left to rigle stimall images at the bottom
show, respectively: the part of the environment seen by thdei an approximation to
the image perception on the retina; and a close-up of theMg® the differences when
looking to a darker place (the building in the left screenshnd looking to the bright sky
(right screenshot).

The head models were obtained from freely available repiasg on the net (TURBO

1The 3D counterpart of the 2D angles., formed by the radial projection of an object onto a unit sphe
instead of unit circle (GLASSNER, 1995)
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SQUID, 2007; BLENDER ARTISTS, 2007) and its original irisesn& replaced by the
textured triangle-strip as needed by the proposed modethéd$ead looks at different
parts of the environment, its pupil diameters adapt to trediance in the solid angle
defined by its field of view. This produces interesting anioraeffects.

Figure 7.1 shows two screenshots of this application. Tlael neodel looks at differ-
ent directions: to the building (Figure 7.1 left) and to tkg & igure 7.1 right). The small
images at the bottom, show, from left to right: (i) the panswf the environment seen by
the model; (ii) an approximation to the image perceptiont@retina and (iii) a close-up
view of the model’s eyes. Since the distribution of rods aades in the human retina
can be seen as a Gaussian density function with the centeg &vea (HADJIKHANI,
TOOTELL, 2000; JONAS; SCHNEIDER; NAUMANN, 1992), in this ajgtion, the
perceived luminance is approximated by modulating thegat@n of the environment
seen by the model (small image at the bottom center of Figd)euging a three-standard-
deviation Gaussian filter and summing the luminance of aklsi Note the changes in
pupil size between the two images. The iris on the left wadeesd as a perfectly diffuse
surface. The rendering on the right includes some Fresfedtab partially reflect the
environment on the cornea surface. Normal mMappecular magsand ambient occlu-
sion (BUNNELL, 2005) were also applied to the face. Ambiectlasion is a global
shading method that approximates the full global illumitidentifying for each vertex
a shadow coefficient. The Lamb skin effect (nVidia, 2007) waglemented to improve
the realism of the skin, since it provides a computationafficient way to visually ap-
proximate subsurface light scattering effects (Figurg.7.2

(a) (b) (c) (d)

Figure 7.2: Main effects included in the application to prod realistic renderings. (a)
Ambient occlusion (BUNNELL, 2005); (b) Lamb skin effect (iaN&, 2007); (c) Lamb
skin eEffect plus ambient occlusion; (d) Final renderingwviexture and specular maps.

Unfortunately, the HDR images do not contain the scenesahiiminance values,
they are scaled. Thus, in order to produce plausible puplilias animations, the stored
values are divided by00.0 and treated the resulting value as lumens per square millime
ter. In the future, one can capture HDR images with luminamtees in the right scale.
This would allow us to compare the animations to real footig@ined in the scene.

2Normal maps define the normals of a set of discrete points onface.
3Specular maps record the specular intensity and color dfigigts on a surface.
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7.1 Summary

This chapter presented an application illustrating theafiske two proposed models
to render a 3D model of a human face. An HDR light probe and tbéeals simulate the
iridal response to perceived luminance. Many effects wectited to produce a more
realistic rendering of a human face.
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8 CONCLUSION AND FUTURE WORK

This thesis presented new models for realistic renderifgfsechuman iris and pupil
light reflex. The proposed physiologically-based modelt@ pupil light reflex first
combines theoretical results from the Mathematical Biolfvglg (LONGTIN; MILTON,
1989) with experimental data collected by several reseasqiiOON; SPENCER, 1944),
using latency and velocity models from the biological btierre. The simplest version of
the model is expressed in terms of a non-linear delay-@ifféal equation that describes
the changes in the pupil diameter as a function of the enmeontt lighting. As all param-
eters of the proposed model were derived from experimeatal they correctly represent
the actual behavior of the human iris and pupil from an averdject.

Due to the large variability among individuals, this basarsron of the model was
extended to include differences, which are modelling asuisges bounded by the biggest
and smallest pupil diameter values found in the originahdested by Moon and Spencer
(MOON; SPENCER, 1944), along the entire range of luminanceegl In order to im-
prove the realism of the resulting simulations, hippusaffe approximate by adding
small random variations to the environment light (in thegeanf 0.05Hz to 0.3Hz (STARK,
1939)). The complete model was evaluated by comparing tpé giameters predicted
by the model to measurements made on iris video sequencesffame by frame ba-
sis), in tree different experiments, for two individualéiting different degrees of light
sensitivity.

Other contribution of this work is a study of the iridal patteleformation as a function
of pupil dilation and constriction, as well as an image-lbasedel for realistic animation
of such deformations. After an analysis of many high-resatupictures taken from four
volunteers with different induced pupil sizes during anuoced pupil-dilation process,
the ratio expressed by Equation 6.1 was kept approximatelgtant for all points on iris,
and for all tested subjects, independent of the pupil diametor rendering purposes,
the model of the iris was built as a planar triangle-strip Imes the disk defined by the
two circles delimiting the iris and using a picture of an wigh a small pupil diameter
as a texture. The animation moves the mesh points of the popiler, increasing or
decreasing the pupil radius.

An application that renders a human head model in an envieotmuminated by
HDR light probes was built in order to demonstrate the padénse of the proposed mod-
els in computer graphics. As the head looks at differenspzrthe environment, its pupil
diameters adapt to the irradiance in the solid angle defigets iield of view, producing
pleasing animation effects. The proposed models guideddphipsical meaningful pa-
rameters produce high-fidelity appearance effects and earséd to produce real-time,
predictive and reproducible animations of the pupil ansl imder variable lighting con-
ditions and individual differences.
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To the best of our knowledge, the proposed PLR model is thepirgsiologically-
based model for simulating pupil light reflex presented ia gnaphics literature. It is
also the first practical model.€., providing actual parameter values) in the literature
for simulating the dynamics of pupil and iris under varialgting conditions, and the
first integrated model in all literature to consider indivad variability in pupil diameter
using general equations for latency, velocity, and an appration to hippus effect. The
proposed image-based model for iridal pattern deformasidhe first model of its kind
in the graphics literature. The results should find immedagiplicability in several areas
requiring high-fidelity facial animations, as well as onttea film animations, where the
request for increasing levels of realism never ends.

We believe that this work can also contribute to investmaioutside the scope of
computer graphics. More specifically, the simulation tqoissented in this paper can be
used to complement wet experiments and accelerate theHegstevaluation cycle in
ophthalmological and physiological research. It is worgmtioning that computer simu-
lations are being successfully and routinely used by bistegind medical researchers to
study the predictive behavior of living systems under uasioonditions, including some
not yet experimentally tested (VENTURA et al., 2006).

8.1 Discussions and Future Work

For future work, the proposed model could be improved to iclenghe influence of
accommodation and emotional conditions in pupil size. Awgwdation and age affect
the pupil diameter (WINN et al., 1994) and iris color influes@®me PLR parameters,
such as maximum pupil diameter, latency, and constrictedacity (BERGAMIN et al.,
1998). These aspects are currently not taken into accoutiieoproposed model. The
main reason is the lack of reliable data over a large rangeglatihg conditions. For in-
stance, Winret al. (1994) discuss the effect of age on the size of the pupil. ridtady,
however, only considered luminance values frighto 10 Blondels, which corresponds
to only about 30% of the luminance range used by the proposetimCurrently, vari-
ations in pupil diameters for the same light stimulus werelebed using Equation 5.10,
which can approximate the age-related miosis effect reddsy Winnet al. Extending
the proposed model to handle other phenomena based on bioghgarameters is an
interesting direction for future work.

Since, the proposed PLR model was created assuming soneeranifht-intensity
distribution, it does not consider the light position relatto the viewer. An extension of
the model can consider the light position, predicting thieeS{Crawford effecti(e. the
phenomenon that light reaching the retina after passingtheadge of the pupil is less
effective at evoking sensation than light passing throbghcenter of the pupil (STILES;
CRAWFORD, 1933)) and observing the distribution of rods and sanethe human
retina (HADJIKHANI; TOOTELL, 2000).

HDR light probes record the incident illumination for eadflid¢ angle. However,
using the representation as proposed by Debevec et al. (208210t possible to retrieve
the true luminance value immens/mm? as needed by the PLR model. Thus, a new type
of light probe can be defined that stores luminous flux (mesasrlumens), which could
be used for physically accurate simulations and renditmmBLR using the proposed
model.

The current implementation of the proposed iris defornmatmdel uses texture map-
ping on a planar triangle strip. Such a model can be extendbdavineight map in a way
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similar to the technique described in (FRANCOIS et al., 200B)e rendering of this
new model will include support to self-shadowing and viewtion parallax, noticeable
in closeup views. Other extension may support the Lam andnBaka (2006) model,
creating a realistic and predictable iris synthesis anthation.

The Longtin and Milton’s model and, by inheritance, the agd PLR model, pre-
dicts a small and fast oscillation in pupil diameter whenpheil dilates using the pupil
latency as a function of light intensity. This behavior was documented in the literature
and the digital video sequences has no sufficient accuraglyaw this oscillation. Some
work will be necessary to verify the actually occurrence wétsa predicted behavior.
Such a study should probably require the use of specialigaghment, and can be used
either to validate this prediction or, otherwise, providduable feeback to refine the la-
tency model proposed by Link and Stark (1988) and Ellis (3281 used as part of the
PLR model.

The irises of animals have the same functionality of the humiaes. An inter-
esting work could be a validation or adaptation of the irifod@ation model against
monkeys (CLARKE; ZHANG; GAMLIN, 2003a,b; MAGOUN et al., 193@&ats (HAM-
MOND; MOUAT, 1985; SCHAEPPI; KOELLA, 1964; MITCHELL, 2006)abbits (YA-
MAJI et al., 2003), pigeons (PILAR; VAUGHAN, 1971) or otheriarals (WEST et al.,
1991). This thesis can be used as a guideline to create PLRisw@formation models
for other species.
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APPENDIX A UNIT CONVERSION TABLE

Table A.1 shows values used to perform unit conversions grttueradiometric and
photometric quantities employed in this thesis.

Table A.1: Unit Conversion Table
Value-Unit \ Value Unit

3.141592654 Blondel

1.00 candela/square mecd/m?] 0.314159265 millilambert [m L]
0.291863508 foot-Lambert [f L]
0.1 millilambert [m L]

1.00 Blondel 0.09290304  foot-Lambert [ L]

1.00 millilambert [m L] 0.9290304 foot-Lambert [f L]

1.00 lux [lz] 1.00 lumen/square m.{n/m?]

1.00 watt/square centimetér | 683.00 x 10*  lumen/square m.jfn/m?]

1.00 Blondel® 10.00 x 107°  lumens/square mmisp/mm?]

awith a light bulb emitting light at 555 nm
bAssuming a perfect diffuse (Lambertian) reflector (OHTA; BRERTSON, 2005)
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APPENDIX B MODELOS FOTOREALISTAS PARA O
REFLEXO PUPILAR A LUZ E DEFORMACAO DOS
PADROES DA IRIS

Resumo da Dissertacdo em Portugués

Animar faces humanas virtuais consiste em imitar uma rea@déiccheia de detalhes e
comum aos nossos olhos. Grande parte da expresséo de umggensoe dado por movi-
mentos oculares e pelas variagdes pupilares: contracéaiacdio. S&o estes movimentos
gue, se realizados de forma coerente, prendem a atencaspbuasaglores e transmitem o
sentimento desejado pelo autor (LEE; BADLER; BADLER, 2002;WWAWATT, 1992).

Diferente do resto do corpo, o0 olho humano e a pupila respordestimulos involun-
tarios, que sédo determinados pelas condi¢cdes de iluminestao emocional e distancia
focal, entre outras (REEVES, 1920; ELLIS, 1981; CALCAGNINI &t 2000). O re-
flexo pupilar a luz (Pupillary Light Reflex - PLR) é responsawabgrontracao da pupila
em ambientes iluminados e por sua dilatacdo em ambientasoescPLR é uma acao
reconhecida, comum aos nossos olhos, e, exceto pela infudndrogas, € o principal
fator que determina o tamanho da pupila. Embora o PLR e asdaffes da iris possam
ser animadas utilizando técnicas tradicionais de comfatggafica como, por exemplo,
representacdes paramétricas controladas por curvas adagle, nds acreditamos que
0 uso de modelos fisioldgicos, guiados por parametros conifisedo fisico, possam
tornar o processo preditivel e automatico, criando aniemgéalistas e reprodutiveis.

Neste trabalho nds apresentamos um modelo fisiol6gico pémzagdo realista do
reflexo pupilar a lux. Nosso modelo combina e estende modeto&os (LONGTIN;
MILTON, 1989) com dados coletados por varios experimergtecronando o diametro
pupilar a intensidade de luz do ambiente (MOON; SPENCER, 1®l@no a iris humana
€ uma camada muscular fibro-vascular que define padrdesqudefsiimados em funcéo
do tamanho da pupila, nés modelamos estas deformacdesilassaem uma analise
do comportamento das estruturas visiveis da iris a partindeonjunto de fotografias.
Estas fotografias foram obtidas durante um processo daghlainduzida das pupilas de
varios voluntarios..

Pelo que pesquisamos, nosso modelo fisiologico para PLRigmeipw da literatura de
computacéo grafica. E também o primeiro modelo capaz deaivatiacées individuais
em termos de sensibilidade a luz e o primeiro modelo parameftio dos padrbes da
iris em toda a literatura. N6és demonstramos a eficacia da missdagem comparando
os resultados dos nossos modelos contra fotografias e \ddptgados de iris humanas.
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B.1 Modelos Existentes Para PLR

A pupilometria descreve modelos, construidos a partir ¢geer@xentos e um con-
junto de medidas discretas, que relacionam diretamentgrandcao que atinge a retina
com um tamanho médio da pupila de um conjunto de individud@@M; SPENCER,
1944; GROOT,; GEBHARD, 1952; POKORNY; SMITH, 1995). As medidas tomadas
guando a pupila esta estavel, apos a alteracdo da ilumin&sies modelos séo todos
atemporais, portanto nao descrevem o comportamento foestddo de equilibrio. De
todos eles, 0 modelo mais popular € o de Moon e Spencer (MOBENEER, 1944),
gue é dado por:

D = 4.9 — 3tanh [0.4(log1o(Ly) — 0.5)] (B.1)

onde o didmetro pupilab varia de 2 a 8mm, &, € o nivel de luminancia do ambiente
expressa em Blondels e variandoldé Blondels em dias ensolarados &6 Blondels
em noites escuras.

Modelos para PLR, baseados em observacdes anatbmicasdgfesas| foram criados
para expressar o relacionamento entre as diversas easrdimicorpo humano envolvidas
no processo, sem considerar dados experimentais. Lonitithom (1989) definiram um
modelo tedrico para o caminho neural entre o estimulo deeleehido pela pupila até a
acédo de contragdo ou dilatacéo da iris:

dg dA B ot —1)
A dr +ag(A) =~lIn {—q_ﬁ } (B.2)
onde
AOn
g(A) = { TN —on (B.3)

e N’ e A + A’ séo respectivamente areas minima e maxima que a pupila psdmia,
0 é o valor para a atividade muscular quando a pupila possartasmmédioq e v sdo
fatores de proporcionalidadeé o tempoy € a laténcia entre 0 momento do estimulo e a
resposta da irisy é o nivel de luz na retina medida em lumens e definido comol A,
onde! é a iluminancia em lumens/in?, A é a area da pupila emm? e ¢ € um limite
inferior para o nivel de luz no qual variagdes abaixo delepr@gocam alteracao na area
pupilar),g(A) representa uma fungdo com um intervalo pré-definido no atmjmagem
e simula as propriedades elasto-mecéanicas dos musculosram g

Note que, embora este modelo seja temporal, as constantesprésentam unidades
fisicas. Por exempld), é definido sobre uma unidade ndo conhecida e, portanto n&o pod
ser medida, chamada atividade muscular. Valores incerpeta estas constantes podem
criar comportamentos nao realistas e ndo convergir parasalngao.

B.2 Proposta de modelo para PLR

Nosso modelo combina o modelo teérico e temporal de Longhifiten (Equation
B.2) e 0o modelo experimental e estatico de Moon e Spencer {lagua 1).

Sob iluminacéo constante, a area pupilar no modelo de Loegtiilton convergira
para um estado de equilibrio, onde:

dgdA _
dA dt
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Figura B.1: Qualidade dos Fittings: (esquerda) Ambos ossladcequacao B.8. (direita)
Equacbes B.1 e B.10, na qual a diferenca em valores absoluten@r mue 2% sob o
intervalo[10~°, 10°] Blondels.

Sob esta circunstancia e assumindo que ndo ha ocorréncippishe torna-se in-
dependente de tempo. Manipulando algebricamente os nggeldemos reescrevé-los
pelas equacdes abaixo:

ag(A) = v (In(¢) —in(¢)) (B.4)

D —4.
—2.3026 atanh ( ; 9) = 0.4(In(Ly) — 1.1513) (B.5)

ondeatanh é o0 arco-tangente hiperbolico. Note a semelhanca no forde@quacoes.
Para que a Equacao B.4 apresente valores de area pupilaréemipao diametro pupilar
utilizado na Equacéao B.5, sob as mesmas condi¢des de ilufanism-se:

D — 4.
—2.3026 atanh < 3 9) ~ ag(A) (B.6)

0.4(In(Ly) — 1.1513) =~ ~(In(¢) — In(d)) (B.7)
Ajustando-se as duas equac¢fes, obtém-se:
0.4(In(Ly) — 1.1513) ~ 0.45 (In(¢) — In(4.8118 x 1071%)) — 5.2 (B.8)

A figura Figura B.1l(esquerda) mostra a qualidade da apro@imaPada a Equa-
¢éo B.6, pode-se substituiy(A) por M (D) e utilizar os valores das constantes do lado
esquerdo da Equacao B.8 na Equacao B.4. O modelo que predimetgupilar em
condicdes de iluminacao estavel pode ser expresso como:

M(D) = atanh (D —34.9> (B.9)

_ ¢
2.3026 M(D) = 5.2 — 0.45 In {4.8118 SRTIET (B.10)

'Hippus s&o pequenas variagdes orientadas pelo sisten@saenténomo geralmente refletindo o es-
tado emocional do individuo.
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Voltando a considerar o modelo temporal, podemos efetuagsaima troca da funcéo
atemporal(a) pelaM (D) e utilizar os mesmos valores para as constantes. Desta,forma
0 nosso modelo dindmico é a Equagéo B.11:

¢t —7)

A L 93026 atanh
+2.3026 atan 18118 x 1010

dD dt

dM dD (D_4'9) — 52— 045 ln[

] (B.11)
onde D e ¢ sdo expressos emm € lumens, respectivamente. Para laténaianos
utilizamos o modelo de Link e Stark (1988).

Como velocidade de contracdo € aproximadamente trés veigsapala do que a
velocidade de (re)dilatacdo (ELLIS, 1981; BERGAMIN et al.9&89 nds aplicamos esta
diferenca no tamanho do passo da simulacdo numérica queaesmodelo:

T, T, T, —T

e —
S ! 35

onedt. e dt, sdo medidos em millisegunddg, e T, séo, respectivamente, os tempo de

simulacdo atual e anterior medido em millisegunddsé uma constante que afeta as
velocidades no sentido de simular variagdes individuais.

dt, (B.12)
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Figura B.2: Resultados da simulagcédo utilizando nosso modielba(soélida) (Equa-

¢do B.11) para o individuo médio de Moon e Spencer sobre cdeslige iluminacao

variaveis. Estes resultados sdo comparados com os mod¢ddis@s de Moon e Spen-
cer (1944) (linha tracejada), e de Groot e Gebhard (1952hglipontilhada). Note a
laténcia em nosso modelo.

Figura B.2 mostra a evolucao do diametro pupilar para um iddovmédio de Moon
e Spencer. O Grafico compara a Equacéo B.11 com a Equacéo B.&s€as mesultados
também sdo comparados contra o modelo de Groot e Gebhard.

Embora que a Equacéo B.11 simule o comportamento de um indiviédio repre-
sentando pela curva de Moon e Spencer, existem variacoesiedividuos relaciona-
das aos seguintes parametros: laténcia (CRAWFORD, 1936; MOPENSER, 1944;
GROOT; GEBHARD, 1952; ELLIS, 1981) e velocidade de contrac@e)elilatacao (EL-
LIS, 1981; BERGAMIN et al., 1998). Para estimar estas difeasrigdividuais nos cri-
amos um intervalo de variacdo dado por curvas de diametritapupéximo e minimo
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baseado nos dados de Moon e Spencer, como mostrado na Figurd Bartir desta
informacéo, cria-se iso-curvdg entre os limites maximo e minimo. O diametro pupilar
final é definido resolvendo a Equacéo 5.8 e utilizando o di@negtcontrado na equacéo
B.13

Dfinal = Cb(D) + (Ct(D) - Cb(D))TI (813)

Pupil Diameter (mm)

Luminance (log Blondels )

Figura B.3: Dados originais de Moon e Spencer (1944). A cudryacorresponde a
Equacéo 5.7. O par de curvas e C; definem um envelope contendo a faixa de didmetro
pupilar disponivel para cada intensidade de luz.

Para aproximar a hippus, pequenas varia¢des pupilarexquem mesmo com uma
intensidade de luz estavel, adiciona-se pequenas vasiagdiatensidade de luz na faixa
de107%° e 10%° Blondels e na frequiéncia de 0.05Hz a 0.3Hz (STARK, 1939). Estids
acOes melhoram consideravelmente o realismo das animagdesmmos a aproximacao
junto com o novo modelo comparando com dados reais, comaadosta Figura B.4.
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Figura B.4: Comparacao entre os resultados simulados e nsesljglatir de dados reais.
O '+ verde e 0 'x’ azul representam, respectivamente, o eétaonpupilar medido a partir
de duas sequéncias de videos: um com um individuo de irisverautro de iris azuis. As
linhas soélidas e tracejadas representam o didmetro p@sitemado pelo nosso modelo.
As linhas verticais delimitam os intervalos de luz ligad&slidada. Note que a simulacéo
aproxima muito bem os dados reais.
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B.3 Modelo Para Deformac&o dos Padrdes da Iris

O modelo para deformacgéo dos padrbes da iris, proposto tneisého, foi criado a
partir de um conjunto de fotos capturadas durante um procksdilatacao pupilar indu-
zido envolvendo cinco voluntarios. As melhores fotos fossparadas, ordenadas pelo
tamanho da pupila e as caracteristicas mais salientesigldsram marcadas manual-
mente. A Figura B.5 mostra um subconjunto dos pontos anaks@tbte que os padroes
movem-se radialmente e, desconsiderando as perturbagdexg@das pelas estruturas
das irises dos voluntarios, o comportamento de cada salipade ser aproximado por
uma linha reta. Além disso as saliéncias permanecem em gsi@d@s relativas a largura
da pupila, caracterizando uma invariancia que define o nossielo.
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Figura B.5: Esquerda: Fotografia da iris de um voluntariormtera processo de dilatacéo.
Os pontos coloridos indicam as saliéncias analisadas. &Cddin grafico mostrando o
comportamento de cada ponto analisado durante a dilatacgopila. Direita: Um gra-
fico que apresenta, em percentual, a posicdo de um subamdjasaliéncias relativo a
largura da iris. Observa-se que 0s pontos se movem ao longajel®rias aproximada-
mente radiais e mantém suas posic¢oes relativamente adatguiris.

Figura B.6: Exemplos de iris renderizadas usando o modefmpto. Cima: imagens
geradas a partir de intensidades de luz @feBlondels (esquerda) £Blondel (direita).
Baixo: malhas de triangulos usadas para renderizar.

A animacao da deformacao dos padrdes radiais € feita usamlnalha entriangle-
strip sobre um disco definido por dois circulos que delimitam g Higura B.6 baixo) e
com uma fotografia de uma iris com uma pupila pequena comargexs coordendas de
textura da borda da pupila sdo mapeadas para o circuloontmguanto que as da borda
externa da iris sdo mapeadas para o circulo mais externdnmfaedio modifica a posicao
dos pontos da borda interna, aumentando o diminuindo o cai@rdulo que a define, sem
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alterar as coordenadas de textura. Figura B.7 mostra rdssltaoduzidos pelo modelo
de deformacéo proposto, comparando-os com fotografiagsdeais.

Figura B.7: Comparacéao dos resultados produzidos pelo mpdabmsto com um con-
junto de fotografias. Cima: imagens renderizadas usando elmdeé deformacédo de
padrGes para ambientes iluminados cinG38, 70 e 2.928, 78 lumens/nm?, respectiva-
mente, para as duas primeiras imagens. A terceira simulangugio por medicamento.
Baixo: fotografias da iris humana com diferentes diametrpsgres.

B.4 Conclusoes

Esta dissertacdo apresenta novos modelos para sintéstardalcomportamento da
iris e pupila humana. O modelo para reflexo pupilar a luz combiestende resultados
tedricos com dados experimentais coletados por variouussstpres. O modelo resul-
tante é expressado em termos de uma equacédo diferencialtasn que descreve as
mudancas no diametro pupilar em funcéo da iluminacéo arnbi€h modelo é original
no sentido de simular as diferencas individuais e a hipputuagéo da iluminagéo. Os
modelos foram validados através de comparacdes dos dssikanulados com fotogra-
fias e videos capturados de iris humanas. A qualidade daz@ceditrapassou as nossas
expectativas, dado o pequeno nimero de parametros erwvolvid

O nosso modelo fisiolégico € o primeiro a simular o PLR dadiiéna de computacao
grafica. E o primeiro modelo préatico na literatura para samal dindmica da pupila e
iris em condi¢des de iluminacdo ndo constantes e o prime&idelo integrado em toda a
literatura a considerar variabilidade individual usandqoagdes gerais para laténcia, velo-
cidade e hippus. Nosso modelo para deformacéo € também eifrimodelo deste tipo
na area de computacao grafica. Nossos resultados deveniranepticabilidade imedi-
ata em diversas areas que requerem animacoes faciais codetdthe, como em filmes
de animacao, onde a busca por cenas mais realistas nunazetefdém disso, espera-se
gue os modelos propostos nessa dissertacdo impactem areasbwlogia e oftalmo-
logia, onde eles podem ser utilizados, por exemplo, paralagées e diagndsticos de
patologias.



