
Chapter 2

The human eye

It is generally said that the eyes

are the windows to the soul. I

paraphrase this saying by

stating that the human eye is

the window to the world of

optics.

Vasudevan Lakshminarayanan

Figure 2.1: Diagram of the human eye.

18



2.1 The anatomy of the eye

Like a high sophisticated camera, the eye has multiple discrete parts which
must function together properly to produce a clear vision. To illustrate this,
the path of light as it travels through the eye is discussed, and the various
ocular structures are identified. For a further study of the eye as an imaging
optical system refer to Chapter 3.

The Cornea

The cornea is the transparent first surface of the eye, and an extension of the
sclera, which is the tough, white outer shell of the eye.

The first surface encountered by a ray of light is the tear film. The eye’s
surface must be kept moist at all times. To achieve this, glands in and near
of the eyelids produce both tears and a special oil which mix together and
coat the eye. This tear film coats the cornea which normally is the crystal
clear window to the eye. Behind the cornea, the anterior chamber is situated,
which is filled with aqueous fluid. The aqueous is usually clear like water and
is responsible for maintaining the pressure of the eye.

The pupil

Inside the anterior chamber is the iris. This is the part of the eye which is
responsible for the eye-color perceived from an outside viewer. The pupil
serves two main optical functions. First, it acts like the diaphragm of a
camera, dilating and constricting the pupil to allow more or less light into
the eye.

The lens

The next structure encounter is the crystalline lens. It is positioned immedi-
ately behind the iris and responsible for focusing light onto the retina. The
contraction of the ciliary muscle around the lens causes it to change shape
slightly to allow adaption of focus between objects that are near and those
that are far.

19



Vitreous

The vitreous is a jelly-like substance that fills the body of the eye. It is
normally clear and in early life, it is firmly attached to the retina behind it.
With age, the vitreous becomes more water-like and may detach from the
retina. Often, little clumps or strands of the jelly form and cast shadows
which are perceived as ”floaters”.

The retina

Finally, light reaches the retina, a thin tissue lining the innermost wall of the
eye. The retina acts much like the film in a camera. The retina responds
to light rays hitting it and converts them to electrical signals carried by the
optic nerve to the brain. The retina is lined by millions of photoreceptor
cells, that sample the image that reaches the retina. Unlike a CCD camera,
this array is far from uniform. Each photoreceptor is a like a fiber-optic
waveguide that channels the light into its outer segment, which is filled with
photosensitive pigment. The outlying parts of the retina are responsible for
peripheral vision while the center area, called the macula, is used for fine
central vision and color vision. The very center of the macula is called the
fovea.

There are two kinds of photoreceptors: cone and rod shaped. Rod pho-
toreceptors make up by far the majority of the photoreceptors, totaling more
than 100 million in a typical human retina. These cells are very sensitive
and can signal the absorption of a single photon. Cone photoreceptors are
less sensitive than rods and come in three types, each sensitive to a di↵erent
portion of the visible light spectrum. Color vision in the human eye is the
result of the combination of signals from the three cone-types at high light
levels. There are only about 5 million cones, and they are most dense in
the fovea. So dense, in fact, that we can closely approximate its distribution
as en hexagonal grid. Which in combination with the low level of neural
convergence maximises the ability of the fovea to resolve small detail). We
will discuss their configuration in the fovea and how to simulate it in next
chapter.

Recent investigation has uncovered that the retina appears to be a multi-
layered structure ,which would significantly increase the di�culties of accu-
rate cone counting.The use of a fork hologram in the system might also help
identify cones with weak intensities due to being located in a non-superficial
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layer of the retina (Lauinger).

2.2 Optical properties of the eye, a quick re-

view

The optical system of the eye is constructed of three main components, the
cornea, the iris, and the lens. In this chapter we focus on the general optical
properties of the eye.

The cornea is about 0.5 to 0.6 mm thick at its center, has a mean refractive
index of about 1.376 ,and its first surface has a radius of curvature of about
7.7 mm. Combining this with an interior surface whose a radius is about 6.8
mm gives the cornea a total power of roughly 43 diopters.

The optimal pupil size is between 2 and 3 mm in diameter, specifically
for imaging in the important spatial frequencies that humans use (Roorda).
The pupil can limit the amount of light that reaches the retina, and alter
the numerical aperture of the eye’s imaging system. It also acts as a true
aperture stop, which means that changing its size does not a↵ect the field of
view of the eye.

The lens in the eye adds another 20–30 diopters to the optical system. A
true optical axis does not exist. Nonetheless, one can identify an axis, called
the best optical axis, that most closely approximates the eye’s optical axis

2.2.1 The Stiles-Crawford E↵ect

The directional component of the retinal reflection, i.e., the optical Stiles-
Crawford e↵ect (SCE), is well established to result from the waveguiding
property of photoreceptors.”(Gao et al., “Measuring retinal contributions to
the optical Stiles-Crawford e↵ect with optical coherence tomography.”)

Reported in 1933 by W.S. Stiles and B.H. Crawford, light impinging on
the retina invokes di↵erent responses in cone cells based upon the incident
angle. In the pupil plane, this suggests that rays entering the center of the
pupil more e�ciently excite photoreceptors compared to rays entering the
edges of the pupil. Although this e↵ect is strictly retinal in nature, it is
modeled by an attenuating filter on the pupil function. It is hypothesized
that this e↵ect improves vision by decreasing the cone’s response to aberrated
or scattered light, especially since phase aberrations are worse near the edges
of the pupil (Porter et al.).
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After Stiles Crawford (1933) noted the lack of reciprocity between pupil
area and light needed for equal brightness, they conducted more detailed
investigations of the variation of the luminous e�ciency of light for various
pupil locations. Using narrow eccentric pencils and adjusting the light in
them to match the brightness produced by a constant beam passing through
the centre of the pupil, they found the curve shown in Fig.2.3 It has been
replicated innumerable times and it applies to both vertical and horizontal
displacements in the pupil (Stiles).

Quantitatively, it is well characterized by the equation

log (⌘0)� log (⌘
r

) = ⇢r2 (2.1)

where 0 and r are the luminous e�ciencies of a narrow bundle entering,
respectively, at the peak of the curve and at a distance r millimetres from
the peak, which is usually, though not invariably, close to the centre of the
pupil.

Figure 2.2: Relative luminance e�ciency for narrow bundles, as a function
of pupil location of the entering beam. Data for two sets of measurements
three months apart in the left eye of W. S. Stiles (Stiles Crawford 1933).

It has been found su�cient to describe the shape by the single parameter
, which is typically approximately 0.05. That is, there is approximately a
threefold reduction in luminous e�ciency when a narrow beam is displaced
from the centre to the edge of a 6.5mm diameter pupil.
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Unfortunately these two phenomena (the skewed directionality and the
multilayered structure of cones in the retina) undermines our ability to detect
and resolve contiguous cones.

Flooding techniques

It should be mentiones that the conventional method for imaging the cones
in the retina is called ”flooding”. It consists of flood-illuminating a patch of
retina and then recording, with a 2D detector, the reflected light that exits
the eye.

Figure 2.3: Individual raw conventional flood illuminated images of the cone
mosaic centered at 1.25 deg. eccentricity in one subject’s eye. Taken from
(Rha et al.).
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