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We introduce a physiologically-based model for pupil light reflex (PLR) and an image-based model
for iridal pattern deformation. Our PLR model expresses the pupil diameter as a function of the
environment lighting, and is described by a delay-differential equation, naturally adapting the
pupil diameter even to abrupt changes in light conditions. Since the parameters of our PLR
model were derived from measured data, it correctly simulates the actual behavior of the human
pupil. Another contribution of our work is a model for realist deformation of the iris pattern
as a function of pupil dilation and constriction. Our models produce high-fidelity appearance
effects and can be used to produce real-time predictive animations of the pupil and iris under
variable lighting conditions. We assess the predictability and quality of our simulations through
comparisons of modeled results against measured data derived from experiments also described
in this work. Combined, our models can bring facial animation to new photorealistic standards.

Categories and Subject Descriptors: 1.3.7 [Computer Graphics|: Three-Dimensional Graphics
and Realism— Animation; 1.3.5 [Computer Graphics]: Computational Geometry and Object
Modeling— Physically based modeling

General Terms: Experimentation, Human Factors
Additional Key Words and Phrases: face animation, image-based modelling, iris animation, pho-
torealism, physiologically-based modelling

1. INTRODUCTION

Arguably, the most important feature in facial animation are the eyes, which are essential not only in directing
the gaze of the audience [Lee et al. 2002], but also in conveying the appropriate degree of expression through
pupil dilation and constriction movements [Watt and Watt 1992]. Hence, for animations depicting close-up
views of the face, natural-looking eyes and pupil movements are highly desirable.

Walt Disney once said to his animation team that the audience watches the eyes and this is where
the time and money must be spent if the character is to act convincingly [Watt and Watt 1992].

Differently from most of the body, the human eye is subject to some involuntary movements of the pupil,
which are determined by ambient illumination, drug action, and emotional conditions, among others [Reeves
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Fig. 1: Comparison of the results predicted by our models against some video of a human iris. (left) One frame of an animation
stmulating the changes in pupil diameter and iridal pattern deformation. (center) One frame from a video of a human iris.
(right) Graph comparing the measured pupil diameters from each individual frame of a nine-second-long video sequence (green
line) against the predicted behavior by our model (red line). The gray bars indicate the periods in which the light was kept on
and off. The complete video sequence and corresponding animation are shown in the accompanying video.

1920; Calcagnini et al. 2000]. Pupillary light reflex (PLR) is responsible for the constriction of the pupil
area in highly lit environments and for its dilation in dimmed ones. PLR is an integral part of our daily
experience and, except for drug-induced action, is the single most noticeable of such involuntary movements
of the pupil.

The human iris is a muscular tissue containing several easily identifiable structures. Together, they define
patterns that are deformed as a result of changes in the pupil diameter. Although pupil light reflex and
iridal deformations could be animated using standard computer graphics techniques, such as parametric
representations controlled by velocity curves, we believe that the use of physiologically-based models guided
by physically meaningful parameters can make the process more predictable and automatic, which, in turn,
may result in more realistic and reproducible animations of these movements.

In this paper, we present a physiologically-based model for realistic animation of PLR. Our model com-
bines and extends some theoretical results from the field of Mathematical Biology [Longtin and Milton 1989]
with experimental data collected by several researchers relating pupil diameter to the intensity of environ-
mental light [Moon and Spencer 1944]. The resulting model produces high-fidelity appearance effects and
can be used to produce real-time predictive animations of the pupil and iris under variable lighting condi-
tions (Section 5.4). We model the iridal pattern deformation process by acquiring a set of high-resolution
photographs of real irises at different levels of pupillary dilation and by tracking their features across the
set of images. By analyzing the tracked positions, we obtained a simple analytical expression for the iridal
deformation pattern as a function of the pupil diameter (Section 6). To the best our knowledge, ours are
the first physiologically-based model for simulating pupil light reflex presented in the graphics literature (the
first model ever to simulate individual variability in terms of PLR sensitivity - Section 5.3), as well as the
first model for iridal pattern deformation. Moreover, they are the first practical models (i.e., providing ac-
tual coefficient values) in the literature for simulating the dynamics of pupil and iris under variable lighting
conditions. We demonstrate the effectiveness of our approach by comparing the results predicted by our
models against photographs and videos captured from real human irises (Fig. 1 and 12). Table I summarizes
the main mathematical and physical quantities used in the derivation of the proposed models and considered
throughout this work.

2. RELATED WORK IN COMPUTER GRAPHICS

A few researchers have addressed the issue of realistic human iris synthesis. Lefohn et al. [2003] blend
several textures created by an artist, each containing some eye feature. Other image-based approaches have
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Table I.  Summary of the the main mathematical and physical quantities considered in the development
of the proposed models.

Symbol Description PhysicalUnit
Ly luminance blondels (B)
Lyr,  luminance foot-Lambert (fL)
I illuminance lumens/mm?2 (Im/mm?)
R light frequency Hertz (Hz)
¢ retinal light flux lumens (Im)
) retinal light flux threshold lumens (Im)
D pupil diameter millimeters (mm)
A pupil area square millimeters (mm?)
rr individual variability index rr €[0,1]
t current simulation time milliseconds (ms)
T pupil latency milliseconds (ms)
T muscular activity none
Pi ratio describing the relative position of a point in the iridal disk none
B, a,v,k constants of proportionality none

been proposed by Cui et al. [2004], Wecker et al. [2005] and Makthal and Ross [2005]. Essentially, they
decompose a set of iris images using techniques such as principal component analysis, multiresolution and
wavelets, and Markov random fields, and recombine the obtained data to generate new images of irises.
Zuo and Schmid [2005] created a fiber-based 3D model of the iris. Lam and Baranoski [2006] introduced a
predictive light transport model for the human iris, which computes the spectral responses of iridal tissues
described by biophysical parameters. Francois et al. [2007] estimate iris height maps from gray-scale images.
All these approaches use stationary pupil sizes.

Sagar et al. [1994] developed an anatomically detailed model of the eye to be used in a surgical simulator. In
their model, Gaussian perturbations were used to simulate the waviness of ciliary fibers and the retraction of
pupillary fibers during pupil dilation. Alternatively, depending of the level of object manipulation, a texture
mapping approach was used to model the iridal appearance. It is worth noting, however, that their goal was
to achieve functional realism [Ferwerda 2003] as opposed to physical or photorealism.

3. BRIEF OVERVIEW OF THE HUMAN IRIS AND PUPIL

The human iris has a diameter of about 12mm and forms a disc that controls how much light reaches the
retina [Trevor-Roper and Curran 1984]. Under high levels of lighting, the iris dilates, flattening itself and
decreasing the pupil size. Under low levels of illumination, it constricts, folding itself and increasing the pupil
area. The pupil diameter varies from 1.5mm to 8mm on average [Reeves 1920], and, in general, it is not a
perfect circle. Also, its center may deviate from the center of the iris by an offset of up to 20% [Trevor-Roper
and Curran 1984]. According to Newsome and Loewenfeld [1971], there are no observable differences in the
iris regarding light-induced or drug-induced pupil dilation/constriction.

The human iris is divided in two zones by the collarette, a delicate zig-zag line also known as the iris
frill. The pupillary zone is bounded by the pupil, while the ciliary zone extends to the outer border of the
iris. Each zone is characterized by a muscle. The sphincter, located in the pupillary zone, is a concentric
muscle that constricts to decrease the pupil size. The dilator, found in the ciliary zone, is a radial muscle
that constricts to increase the pupil size. These two muscles overlap at the collarette.

The sphincter and dilator muscles are independently connected to the autonomous nervous system (ANS)
[Tilmant et al. 2003] and the pupil size results from a balance of the separately incoming stimuli to the
two muscles [Bergamin et al. 1998]. The ANS conducts the pupillary light reflex and hippus neural actions.
Hippus are spontaneously irregular variations in pupil diameter, which can essentially be characterized as
random noise in the 0.05 to 0.3 Hz frequency range [Stark 1939; Usui and Stark 1982]. In PLR, when light
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reaches the retina, neural signals are sent to the brain, which sends back a signal for closing or opening the
pupil. Thus, PLR can be modeled in two phases: perception and, after some time delay, adjustment.

4. MODELS OF PUPIL DYNAMICS

The pupillometry literature describes several models built around experiments designed to measure the values
of some parameters as a function of incident light intensity. Link and Stark [1988] performed a study where
a light source was placed in front of the subjects’ irises and, by varying the intensity and frequency of the
light, they measured the pupillary latency (i.e., the time delay between the instant in which the light pulse
reaches the retina and the beginning of iridal reaction):

T(R,Lyr) = 253 —14in(Lysr) + 7T0R — 29 Rin(Lyy) (1)

where 7 is the latency in milliseconds, Ly, is the luminance measured in foot-Lambert (fL), and R is the
light frequency measured in Hz.

Other similar models predict an average pupil size as a function of the light intensity using a few exper-
imental measurements [Moon and Spencer 1944; de Groot and Gebhard 1952; Pokorny and Smith 1997].
Among those, the most popular one is the Moon and Spencer model [1944], which is expressed as

D = 4.9 — 3tanh [0.4(log10(Lp) — 0.5)] (2)

where the pupil diameter D varies from 2 to 8 mm, and L is the background luminance level expressed in
blondels, varying from 10° blondels in sunny days to 10~® blondels in dark nights. tanh is the hyperbolic
tangent.

4.1 Physiologically-Based Models

In Mathematical Biology and related fields, models based on physiological and anatomical observations were
derived to express the relationships among the pupillary action variables without relying on quantitative
experimental data. For example, Usui and Stark [1982] proposed a parametric model of the iris to describe
the static characteristics of pupil response to light stimuli, and to explain its random fluctuations in terms of
probability density functions. Recently, Tilmant et al. [2003] proposed a model of PLR based on physiological
knowledge and guided by experiments. Although they have obtained plausible results, Tilmant et al. have
recommended the use of another physiologically-based model to monitor more accurately pupillary dynamics,
namely the time-dependent model developed by Longtin and Milton [1989)].
Longtin and Milton [1989] define the efferent neural signal E(¢) arriving at the iris per unit of time ¢, as
E(t) = 8 1In {W”)} 3)
¢
where ( is a constant of proportionality and ¢ is the retinal light flux measured in lumens and defined by
Stark and Sherman [1959] as ¢ = [;A: illuminance ([;, in lumens/mm?) times the pupil area (A, 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 pupil area). The notation ¢(¢ — 7) indicates that the current effect depends on the retinal light flux
at a time 7 milliseconds in the past. As the efferent neural signal reaches the iris, it induces some muscular
activity = that may cause the pupil to dilate or constrict. According to Partridge and Benton [1981], the
relationship between E(t) and x can be approximated by

E(t)=k (CCZ; 0 ax) (4)

where k is a proportionality factor and « is a rate constant that depends on the definition and units of x
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used in the model. Longtin and Milton [1989] combine Equations 3 and 4 as

()

They express the pupil area as A = f(z) and use the inverse f~1(A) = g(A) = x to remove z from Equation 5.
In their paper, Longtin and Milton use a Hill function [Hill 1938] (Equation 6) as the function f, since it
can approximate the elasto-mechanical properties of the iris during the pupillary activity:

A=fla)= 20 Ly

=———+A
9"+a:"+ (6)

Here, A’ and A + A’ are, respectively, the minimum and the maximum pupil areas, and 6 is the value of x
corresponding to the average pupil area. The Longtin and Milton’s model then becomes:

dg dA —
i% +ag(A) =vlin [(b(td—)ﬂ} (7)
where
AO™

An S-shaped curve similar to the Hill function has been described in the physiologically-based model of
Usui and Stark [1982] to approximate the pupil diameter of an average individual under static illumination
conditions.

5. THE PROPOSED PHYSIOLOGICAL-BASED MODEL

The model of Moon and Spencer (Equation 2) is based on a set of discrete measurements and approximates
the response on an average individual under various lighting conditions. The measurements have been made
after the pupil size has stabilized for each illumination level and, therefore, their model does not describe
the pupil behavior outside the equilibrium state. Moreover, pupil size, latency, constriction and re-dilation
velocities tend to vary among individuals exposed to the same lighting stimulus [Moon and Spencer 1944;
Winn et al. 1994]. We remark that such variations are not captured by the model of Moon and Spencer.

Longtin and Milton’s model (Equation 7) is time dependent and adaptive, with the potential to handle
abrupt lighting changes. It is a theoretical model and, unfortunately, Longtin and Milton did not provide
the values for the various parameters in their model (i.e., v, a, 6, n, (ﬁ), as these, in principle, depend on the
abstract notion of iridal muscular activity x, as well as on the use of the Hill function. The use of incorrect
parameter values will not produce realistic results and may cause Equation 7 not to converge.

Starting from the Longtin and Milton’s and from Moon and Spencer’s models, we derive a practical model
that predicts the pupil diameter for the non-equilibrium case based on experimental data (Section 5.2). In
Section 5.3, we show how we can extend this basic model to take individual variability into account.

5.1 Equilibrium Case

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

dg dA _

dA dt
Under such circumstance and assuming there is no occurrence of hippus, ¢ becomes time invariant. Also,
recall that In(m/n) = In(m) — In(n) and, therefore, one can rewrite the Longtin and Milton’s model
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(Equation 7) for the equilibrium case as:

ag(A) =7 (In(¢) — In(¢)) (9)
In turn, the Moon and Spencer model can be rewritten as
D—49Y\ In(Ly) In(10)
(5572) = —tomn o4 (5555 - 03 (o))

and since the hyperbolic tangent is an odd function, we can rewrite the above equation as

D—-49

—2.3026 atanh ( ) = 0.4(In(Lp) — 1.1513) (10)
where atanh is the arc-hyperbolic tangent. Comparing Equations 9 and 10, in order for the Longtin and
Milton’s model to fit the response of Moon and Spencer’s average subject under the equilibrium conditions,
one has

—2.3026 atanh (D34'9) ~ ag(A) (11)

0.4(in(Lp) — 1.1513) =~ ~(In(¢) — in(¢)) (12)

From Equation 12 we can estimate the value of the parameter . One should note that L; is expressed
in blondels while ¢ is given in lumens. Although, in general one cannot convert between two photometric
quantities, this can be done under some well-defined situations [Ohta and Robertson 2005]. Since Moon
and Spencer’s data were collected with the subject seated before a large white screen of uniform intensity
which covers most of their field of view, we assume that the light reaching a person’s pupil has been reflected
by a perfect (Lambertian) diffuse surface. Recall that an ideal (lossless) diffuse reflector returns all of the
incident flux so that its reflectance p = 1 and its BRDF f = 1/x [Nicodemus et al. 1977]. For such a reflector,
1 blondel = 107% lumens/mm? [Ohta and Robertson 2005].

Since the light flux ¢ depends on the area of the pupil, in order to estimate -y, we first evaluate the
left-hand side of Equation 12 for the entire range of illumination covered by the Moon and Spencer’s model:
Ly € [1075,105] blondels. For each value of Ly, we then use Equation 2 to estimate D, from which the pupil
area A = 7(D/2)?, and then ¢, are computed. The retinal light level threshold ¢ = 4.8118 x 107'° lumens
was obtained using the pupil diameter D, = 7.8272 mm, predicted by Equation 2 for L, = 10~° blondels
(i.e., ¢ = 7(7.8272/2)2 mm? x 107°10~° lumens/mm?). Using the tabulated data for the left-hand side of
Equation 12 and the conversion scheme just described, we get the following fitting:

0.4(in(Ly) — 1.1513) ~ 0.45 (In(¢) — In($)) — 5.2 (13)

whose quality of the approximation is illustrated in Fig. 2 (left). The vertical axis of the graph (scaled
muscular activity) represents ag(A), where g(A) = z is the muscular activity. The extra constant —5.2
translates the function on right-hand side of Equation 12 vertically, improving the fitting. Given Equation 13,
we can replace g(A) with M (D) (Equation 11), with o = —2.3026, where M (D) is given by

D 4.9)

M(D) = atanh ( (14)

Thus, the equilibrium situation can be expressed by Equation 15. As expected, it approximates the Moon
and Spencer’s function (Equation 2) for the pupil diameter of the average subject quite well. The absolute
value of the difference between Equations 2 and 15 is under 2% over the entire range of [107°,105] blondels
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