


















































































































































55

(a) Groups: 1-4

(b) Groups: 5-8

Figure 6.11: The 50 feature points showed in Figure 6.2 divieth 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.



80

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.

Real Data

Real Data - | Green-Eye Subject:
TEENEYe SUMEC: o lated

Blue-Eye Subject: Simulated

= 5t =
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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.





