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36.1 Introduction

36.1
Introduction

This chapter deals with the optical system of the human eye and the correction of its
defects by means of spectacles. Primarily, the optical properties of the eye will be
discussed. This representation does not intend to go into the biological or medical
details of the eye.

36.1.1
Basic Structure of the Eye

Figure 36-1 shows a picture of the human eye. From the optical point of view, the
black central circle, which is the pupil area, and the structured iris diaphragm are
the most interesting parts. From the reflected light it can be seen that the front sur-
face of the cornea is smooth and glossy.

Figure 36-1: The human eye.

The shape of the eye approaches a spherical ball. Figure 36-2 gives details of its
geometry. In figure 36-3 the geometrical lengths and sizes are indicated. The pure
spherical ball model is of limited accuracy. The light enters the eye through the cor-
nea, which is a layer 0.5 mm thick, and which has a refractive index of n=1.377.
Then passes through the anterior chamber, which has a lower index of refraction of
approximately n=1.336. The thickness of this aqueous front part is 3.04 mm and
ends at the iris plane and the eye lens. The iris is a diaphragm of variable diameter,
which controls the numerical aperture and the radiance entering the eye.

The lens is of a variable shape and changes its refractive power so that the eye can
accommodate to an object a certain distance away. The lens is built from several
nested shells. In a first approximation, only one optical medium is assumed, while
more refined models distinguish a crystalline core lens and a surrounding lens cap-
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sule. Behind the lens, the light passes through the vitreous humor and is received at
the retina where the detection of light takes place.

The retina consists of different regions. It contains a central part, where the reso-
lution is maximized, which is a small area called the fovea and which has a diameter
of 1.8 mm. The fovea is not located centrally, around the geometrical axis of the eye,
but usually lies 2.5 mm towards the human temple (temporal region). Another part
of the spherically curved retina is the blind spot, which has a diameter of 1.8 mm or
5° equivalent and is located at a distance of 15° towards the nose (nasal region). In
the blind spot, no light can be detected, because the nerve enters the eye in this re-
gion.

The eye-ball can be rotated inside its socket around the centre point C, which lies
13.5 mm behind the front vertex of the eye. Figure 36-4 shows the distribution of the
refractive index within the eye. This is a simplified representation where the lens is
divided into a crystalline lens and a lens capsule, and the refractive indices are con-
sidered as constant in each part.

The eye has a finite speed of response and image gathering. Fluctuating and oscil-
lating fast signals above a time frequency of 30 Hz give the impression of a constant
signal and are detected as one integrated signal.

Figure 36-4 shows the distribution of the refractive indices in the eye as a function
of the axis coordinate z. It can be seen that a significant index difference occurs only
at the anterior cornea surface. The differences around the eye lens are quite small
and lie in the range “ n=0.08.

. 4 temporal
posterior
chamber
vitreous
anterior ! humor
chamber
D4 ) <« fovea
I[< :
e |
| :
\\ \\\71 ¢ op?ical disc
/ \ crystalline lens blind spot
cornea ‘
/ lens capsule
iris .
retina
N nasal

Figure 36-2: Details and geometry of the human eye.
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Figure 36-3: Dimensions and lengths of the human eye. N and
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Figure 36-4: Simplified distribution of the development of the
index of refraction in the eye.
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36.1.2
Optical Data of the Eye

Table 36-1 contains the most important optical data of the human eye. A distinction
is made between the relaxed eye, for objects at infinity, and the accommodated (or
focused) status.

Table 36-1:  Major optical parameters of the human eye.

Property Relaxed Accommodated
Refractive power 58.63 dpt 70.57 dpt
Focal length in air 17.1mm 14.2mm
Refractive power of the crystalline lens 19 dpt 33 dpt
Field of view — maximum 108°

Field of view — fovea 5°

Pupil diameter 2-8mm

F-number 6.8-2.4

Diameter of the eye-ball 24 mm

Distance of the front vertex from the rotation point C 13.5mm

Wavelength of largest sensitivity for photopic sight 555 nm

Distance of the nodal point N from the front vertex 7.33mm

Distance of the principal plane P from the front vertex 1.6 mm

Distance of the entrance pupil from the front vertex 3.0mm

In the optics of the eye, the refractive power is usually considered and is mea-
sured in diopters (1 dpt=1/m).

Approximately 2/3 of the refractive power of the human eye is located in the front
surface of the cornea, which has a difference in refractive index of 0.377 against air
on the front side and approximately 1/3 of the crystalline lens, which has only a dif-
ference of 0.08 against the vitreous chamber and the vitreous humor. If the eye is
put into water with n=1.33, the relative refractive index of the cornea to the environ-
mental medium is reduced by a factor of 7. Therefore, the image distance lies far
from the retina position and only a rather fuzzy image can be seen. A fish has a
crystalline lens, which has much more strongly curved surfaces; the lens geometry
is in fact nearly spherical.

The cornea contributes the greater part of the refractive power to the optical sys-
tem of the eye. It is aspherically shaped in the outer zone to reduce the spherical
aberration for a larger pupil diameter. Sometimes the central part of the anterior
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surface is conically shaped. If this topology is particularly marked, a keratoconus
problem occurs. The exact shape of the cornea is built by the stroma, which has a
microstructure. The size of the periodic detail is less than ¢)2 and this structure is
therefore diffractive and has an anti-reflecting effect. This helps to reduce the gen-
eration of stray light in the eye.

The lens system inside the eye has a shell structure. It can be considered as a gra-
dient lens with a structure formed from a finite number of shells. Corresponding
models for the eye have been proposed in the literature [36-1], [36-2]. Figure 36-5
shows the measured distribution of the refractive index along the optical axis of the
eye lens as a function of the location z. It can be seen that the value changes
smoothly without steps. The gradient structure of the eye lens helps to avoid reflec-
tions of the incoming light inside the eye.
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Figure 36-5: Distribution of the refractive index in the crystalline lens.

The depth of focus depends on the form of the caustic and is therefore strongly
influenced by the diameter of the iris diaphragm. Typically, the depth of focus lies in
the range 0.1 dpt to 0.5 dpt. The natural uncertainty of the focusing mechanism is
in the region of 0.25 dpt.

The optical surfaces of the cornea enlarge the iris image for an outside observer
by a factor of m=1.13. The position of the iris diaphragm relative to the front vertex
of the eye is s =—3.04 mm.

If optical instruments are adapted for the eye, it is necessary to match the diame-
ter and location of the system pupil to the eye pupil. Otherwise, a reduced field of
view results which gives a key-hole effect.
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36.1.3

Neuronal Structure

The human retina serves as a light-detecting surface. There are different types of
sensor elements within the retina and the underlying tissue, which is called the
sclera. In the central part, the cones detect the light with high resolution and color
sensitivity and, in the peripheral region, the rods detect the light for larger field
sizes without color sensitivity and lower resolution, but with a higher sensitivity to

brightness. Table 36-2 compares the major properties of these sensors.

Table 36-22  Comparison of the light sensors within the human eye.
Property Cones Rods
Location in the fovea outside the fovea

Covered field of view

Resolution and visual acuity

Brightness sensitivity

Color sensitivity

Total number of elements

Limiting brightness

Spectral sensitivity maximum

small, 5°

large

small, for daylight vision

yes

5 million

683 Im W'

555 nm

large, 108°

small

large, for night vision
no

120 million

1699 Im W'

507 nm

The distribution of the sensor elements in a cross-section through the retina is
shown in figure 36-6 [36-3]. Table 36-3 shows some additional data for the fine struc-

ture of the retina.

Table 36-3:

Data and regions of the retinal structure.

Range Diameter  Cones Rods
[mm]
Foveola 0.35 number: 3500 no rods
density: 190000 mm™
pitch: 2.3 um
Fovea 1.85 density: 100000mm™  a few rods
Macula lutea pitch: 3.2 um
Prafovea 2.85
Perifovea 5.85 density: 160000 mm™
pitch: 2.5 um
Periphery density: 5000 mm™> density: 50000 mm™
pitch: 14.0 um pitch: 4.5 um
Papille, 4mm off-axis 1.8 no cones no rods

blind spot

nasal
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Figure 36-6: Distribution of rods, cones and nerve fibres in the
human eye. The central location of the fovea is used as a refer-
ence for the field angle. The logarithm of the number N of recep-
tors per degree of the field angle is taken as vertical axis.

There are three different types of cone in the eye, and these are responsible for
different spectral ranges of visible light. The corresponding properties are summa-
rized in table 36-4. The chromatic sensitivity distributions are discussed in section
36.5 in more detail.

Table 36-4:  Properties of the different cone sensors.

Property S-cones M-cones L-cones
Spectral sensitivity blue green red
Wavelength of largest sensitivity 440 nm 535 nm 565 nm
Relative contribution to the cone number ~ 12% 55% 33%

Special only >3° outside fovea
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Figure 36-7 shows the density of the distribution of cones around the fovea. The
density decreases with increasing angle w of the field of view. It should be noticed
that the density of the S-type cones also decreases directly in the neighborhood of
the fovea. They are responsible for the detection of blue light. There is a yellow pig-
ment around the fovea within an approximate 5° diameter which absorbs the blue
light and prevents the fovea from damage. Furthermore, this yellow color helps to
correct color aberrations in the fovea, since eye correction is worse for blue light.

103 cones
mm?2

40 \
35

30

R
I—

i
o
A

5
| s —

N

w
0 ]
0 10 20 30 40

Figure 36-7: Distribution of various types of cones as a function
of the field angle w.

In the sclera, the 130 million rod and cone receptors summarize the information
into 1 million nerve fibres, which guide the signals to the brain. This concentration
of signal channels is illustrated in figure 36-8 [36-3].
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Figure 36-8: Sensor system with receptors, neuronal cells and nerves in the human eye.

36.1.4
Threshold Sensitivity

The absolute threshold of the eye for light signal differences lies in the range of 107
Lux. The threshold depends on the absolute radiance of the background of the
scene. If the intensity is low, the threshold is higher. This behavior is shown in fig-
ure 36-9 [36-4]. In the range of approximately 50 cd m™* to 10 000 cd m ™2, the relative

L/AL

A

night dawn day glare
60-

40

20

— _ Lin
T2 o0 102 10 cdim?

Figure 36-9: Variation in the inverse threshold sensitivity L/" L
of the eye with the absolute radiance.

1
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sensitivity “ L/L is nearly constant. This behavior of the sensitivity for daylight con-
ditions corresponds to the law of Weber, in eq. (36-7) below. Signal differences
below the threshold are not detected. Furthermore, there is a strong dependence of
the threshold on the size or the spatial frequency of the signal.

36.1.5
Movements of the Eye

There are several movements of the human eye which are essential for the various
functions of visual perception and optical function [36-5]. There are slow drift move-
ments in the range of 2, which prevent the retinal image from fading. These statis-
tical movements are uncorrelated between the two eyes. This helps to avoid satura-
tion of the chemical processes in the cones. Tremor and micro saccades are highly
dynamic movements of the eye, which are still there during the active fixation of an
object point. These movements are necessary to give an active feedback signal to the
eye in order to stabilize the operation. Tremors are more regular oscillations while
saccades are statistically distributed with an amplitude of approximately 2" to 50"
The vergence movements are used to relate the relative position of the eyes accu-
rately in order to obtain correct stereoscopic vision. Typically, these movements take
0.2 to 0.8 seconds of time.

A regular tracking movement corresponds to a simultaneous rotation of both
eyes in order to fix the details of a common object. The brain tries to locate the inter-
esting detail in the fovea. This movement is done with a maximum speed of 30° per
second.

36.1.6
Stiles—Crawford Effect

The cone receptors in the retina have a shape of long conical rods or tapers. The
light which falls on these elements is guided towards the end of the cell by total
internal reflection. If the incidence angle is large, this total internal reflection is per-
turbed and not all of the rays enter the end of the cell with the absorbing receptor.
Therefore, the cones are less sensitive for larger angles. This means that the rays
through the outer zones of the pupil are effectively damped and the pupil seems to
be apodized. This is an advantage for the quality of the imaging process, since the
spherical aberration for large pupil diameters has a lower energy weighting. This is
called the Stiles—Crawford effect of the first kind. It is illustrated in figure 36-10
[36-6]. The Stiles—Crawford effect has almost no influence on the vision for high
brightness. In this case, the pupil diameter is small and the outer zones of the pupil
do not contribute to the imaging process.
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Figure 36-10: Apodization of the pupil due to the Stiles—Crawford effect.

There is another observation, which is called the Stiles—Crawford effect of the sec-
ond kind. The color sensitivity is also a function of the incident ray angle on the
retina. Green light seems to be shifted to the blue side, yellow light shifts to red and
blue shifts to green, if it traverses the pupil in the outer zone.

In practical calculations of the performance of schematic eye models, it is possible
to incorporate the influence of the Stiles—Crawford effect in a first approximation by
introducing a Gaussian apodization of the form [36-7]

I(r) = 107", (36-1)

where the parameter p =0.066 and the radius of the pupil r is measured in mm. The
Stiles—Crawford effect of the second kind can be described when the parameter p
has a spectral dependence.

36.1.7
Image Processing in the Brain

The quality of the optical system of the human eye is remarkable, but indicates
many defects and problems. Some of them are discussed in section 36.6 and con-
cern residual aberrations. But the human brain has a very powerful image-process-
ing capability. Figure 36-11 shows the image of a scene as it is projected onto the
retina and the subjective image impression, for comparison.

One of the consequences of the work of the brain is the existence of optical illu-
sions. The image impressions are influenced by neighboring signals and experi-
ence. Figures 36-12 to 36-15 show some examples of optical illusions. Figure 36-12
shows an example where the crossing point which is fixed is white, while the others
seem to be dark, apart from those of the direct neighbors.

13
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Image on the retina Image as it appears in the
brain

Figure 36-11:  Image on the retina and corresponding processed image in the brain.

Figure 36-12:  Optical illusion: the crossing points,
apart from the points neighboring the fixed point,
appear to be grey in color.

In figure 36-13, the impression of color and brightness is influenced by the sur-
rounding colors. In diagram a) on the left side, the left violet bars seem to be darker
than those on the right. In part b), the left grey square seems to be darker than the
right one. In both cases, the colors are identical.

In figure 36-14, the influence of peripheral sight on shape recognition is demon-
strated. In part a) of the figure, the red lines are of equal length, but the upper one
seems to be longer. In part b), the effect of the background causes the impression of
spiral curves while, in reality, the lines are closed circles.
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Figure 36-13:  Optical illusion, in a) the violet and in b) the grey
colored areas on the left side appear to be darker.

a) | b)

Figure 36-14:  Optical illusion: in a) the upper red line seems to
be longer, and the circles in b) seem to have a spiral shape.

In figure 36-15, the observer cannot decide about the depth relation. It is not clear
whether the inner part of the picture represents a concave corner in a convex cube
or a convex corner in a concave cube.

Figure 36-15:  Optical illusion, the inner part can be imagined to
be either convex or concave.

15
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36.2
Optical System of the Eye

36.2.1
Accommodation

The eye is able to refocus and sharpen the image in a certain range when the dis-
tance from the object changes. The crystalline lens can be shaped in its geometry by
the ciliar muscle and therefore is a variable refractive element. This effect is known
as accommodation of the eye. The accommodation is performed by the signal from
the cones and is not coupled to the rods outside the fovea region. The refractive
power of the eye lens can be changed in the range between 22 dpt and 31 dpt. The
accommodation difference therefore varies from approximately 9 dpt to 14 dpt and
decreases with age.

The stimulus for accommodation occurs in the cones. If the absolute value of the
radiance is below approximately 0.01 cd m™2, there is no accommodation stimulus.
In this case, the eye takes a point of immobility, which lies between the relaxed and
the almost-accommodated position. A complete accommodation takes 1 second of
time. The eye shows a fluctuation around the optimal accommodation of approxi-
mately 0.25 dpt with a 5 Hz frequency to obtain a feedback signal for adjustment.

The accommodation is defined as the difference in refractive power between the
actual and the far-field case:

p -t _1

s

Sar

(36-2)

where s is the intersection length. The nearest point which the eye can accommo-
date with a sharp image, defines the width of accommodation

1 1
“Dype = — — —. (36-3)

Sfar Snear

For young people, the value spe,,=70mm is assumed and this corresponds to an
accommodation width of 14 dpt. During adaptation it is primarily the front surface
of the eye lens which will have the stronger curvature.

The eye is relaxed when it is focused onto an infinitely distant object point. If an
eye demonstrates a defect, the correction by glasses or other means is satisfactory
when this is achieved. The lens changes its shape during accommodation. A model
eye with two aspherical surfaces can be used to demonstrate the geometry of the
lens as a function of the accommodation [36-8].

The accommodation interval “ D,.. depends on the elasticity of the eye lens and
decreases with age. This is illustrated in figure 36-16 and 37-17, where a range of
uncertainty is shown. If the value of “ D is smaller than 4 dpt, one speaks of age-
generating farsightedness or presbyopia.

The ability for accommodation reduces with increasing age. Figure 36-16 shows
the range of accommodation as it changes with age. Figure 36-17 shows the position
of the point for the relaxed eye, the near point with maximum accommodation and
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the point of immobility of the eye, as it changes with increasing age. At greater ages,
the relaxed eye has no sharp real imaging distance, which corresponds to a positive
vergence relative to the far point in this diagram.
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—

0 20 40 60 age
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Figure 36-16: Decrease in the accommodation range with age.

AD [dpt]
A
4
relaxed
0 eye I

//
-4 N N P>~ <
immobile
point
-8

/strongest

/ accomodation
-12 : . age
0 20 40 60 go Lyears]

Figure 36-17: Change of the accommodation with age.
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The following empirical formula gives the relationship between wavelength, di-
ameter of the pupil, defocusing and error of refractive power “ D. The correspond-
ing units have to be taken into account,

@[nm] - z[Ru] .

“ Dldpt] =2-107- B, fom)

(36-4)

If the pupil has a diameter of 3 mm and green light at 550 nm is considered, the
depth of focus according to the Rayleigh criterion, with “ z=1 Ru, corresponds to a
difference in the refractive power of * D =0.12 dpt.

The near and the far points of accommodation depend on the radiance of the
scene. Figure 36-18 shows this relationship. If the object scene is rather dark, the
distance of the near point increases and the far point decreases. In the case of scoto-
pic vision with a radiance below 0.01 cd m™, the eye accommodates in the range
between 0.5 and 2 m and remains in an immobile position, since the stimulus for
accommodation is too small.

AD =1/s
[dpt]
A far point

0

immobile
point

-3 \\
near
\\\\\\\\innt

-5

. . . » Lin
0 0.01 0.02 0.03 0.04 0.05 0.06 cd/m?

-2

Figure 36-18:  Limits of the refraction of the eye as a function of the radiance.
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36.2.2
Axes of the Eye

There are several different axes, which can be distinguished in the eye. They are
shown in figure 36-19. The four axes are:

1. The visual axis, which goes through the fixed object point and the nodal point
N of the eye. If the function of the nodal points is taken into account, the ray,
which represents the visual axis, passes to the retina through the fovea.

2. The optical axis, which is perpendicular to the cornea surface and passes the
iris pupil at the midpoint. Since the fovea is not located central to the eye-
ball, the optical axis differs from the visual axis. The optical axis is the geo-
metrical symmetry axis of the eye-ball system and is different from the opti-
cal central ray, which reaches the central point of the fovea and passes ob-
liquely through the eye system.

3. The line of sight is the axis, which goes through the object point and the cen-
tre of the entrance pupil. It is the ray, which passes through the centroid of
the light bundle and is the axis of the ray cone, which enters the eye. Typical-
ly, the angle between the line of sight and the optical axis lies in the range
between 3° and 8°. The centre of the entrance pupil is shifted towards the
nasal side due to the asymmetrical imaging through the cornea system and
the off-axis position of the fovea.

4. The pupillary axis, which passes through the centre of the entrance pupil and
is perpendicular to the front surface of the cornea.

visual axis

line of sight

pupillary axis

S optical axis

fovea

temporal
side

Figure 36-19: The axes of the human eye. N and N’ indicate the nodal points.

The field of view for monocular sight covers the whole retina without the small por-
tion of the blind spot. Usually humans tend to rotate the eye to the most favourable posi-
tion where the image is generated in the fovea. If the eye is moved in this way into a
position of optimal orientation so that the image is in the central part of the fovea, the
optical system of the eye is not used as a centered system. Nevertheless, the tilt is small
and spherical aberration and astigmatism are the dominating aberrations of the eye.
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36.3
Photometry and Adaptation

36.3.1
Iris

The iris works in the same way as the pupil of the eye. It is located in front of the
crystalline lens and its size can be changed from 1.5mm to 8 mm in diameter.
These changes are made in order to adapt the energy for image formation and to
prevent the retina from damage. The eye can accept a very large range in radiance of
the object scene, which varies between 107® and 10° cd m™2. The radiance incident
upon the retina is limited by an adaptive regulating mechanism, in order to avoid
damage. The partial range from 10** to 10** cd m™ of this adaptation is performed
within the width of the iris diaphragm. Below this range, neuronal and chemical
processes in the pigments within the retina help to reduce its sensitivity.

The exact adaptation also depends on the accommodation. The aging of the
human eye reduces the nominal size and the dynamic range of iris changes. This is
shown in figure 36-20, where size reduction of the larger size with rod imaging and
the smaller size with cone imaging are shown.

pupil diameter

[mm]
A
8
=T
rods
6 =
4
\
cones |
T
2
0 T T T >
0 20 40 60 age in
years

Figure 36-20:  Effects of aging on the pupil size.
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36.3.2
Adaptation

The variation in the pupil diameter Dy, with the radiance L can be approximately
described by the following formula [36-9], [36-10]

1og,o(Dyis) = 0.8558 — 0.000401 - [8.4 + log,,(L)]°, (36-5)

where Dii is measured inmm and L in cd m™. In fact the size of the pupil oscil-
lates around a mean value, an effect known as Hippus.

In the eye, the pupil position lies between the location of the corneal refractive
power and the lens. This is a location, which is particularly advantageous for the
correction of coma and distortion.

If the pupil changes its size, the depth of focus changes between 0.1 dpt and 0.5
dpt. The adaptation of the iris diameter to the radiance entering the eye is shown in
figure 36-21.

pupil diameter

DMSDnnﬂ
A ;
8 i ¥ b
night with street reading  cloudy day sunny day
b Noon illumination with lamp Mercury lamp headlight

6 = <

| approximate
formula
4 \\

2
o » minimal
b pupil size
0 i . radiance
104 102 1 102 104 10 [ed/m’]
scotopic mesopic photopic
cones

Figure 36-21:  The size of the human pupil as a function of the radiance.

The cones are responsible for vision in a bright environment. If the radiance is
higher than L>10 cd m™, the eye only uses the cones; this is called photopic sight.
The rods on the other side work in scotopic vision below L<5 x 10~ cd m™ In the
range between these limits, both kinds of receptors are effective.
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Table 36-5:  Different effective receptors as a function of the radiance.

Scene Vision Receptor Radiance

night vision scotopic rods L<5x10° cdm™

dim vision mesopic cones and rods 5x10° cdm?<L<10cd m™
day vision photopic cones L>10cd m™

The change in vision from purely photopic detection with cones at daylight to sco-
topic vision with only rods in surroundings with very low radiance, results in a
strong decrease in the resolution. The visus (see section 36.6.6) changes from 1 in
the photopic case with 1” angle resolution over a visus of 0.3 under dim light condi-
tions to 0.1 in the scotopic case with only 10’ resolution. The influence of the radi-
ance on the visual acuity is discussed in more detail in section 36.6.

36.3.3
Dark Adaptation

Dark adaptation is the special increase in the sensitivity of the eye to very dark
scenes by means of chemical processes. This requires a longer time than does the
change in the pupil size. In the first phase of approximately 7 minutes, new pig-
ment is generated for the cones. By means of this process, the threshold sensitivity
for the smallest detectable stimulus is increased by a factor of 50. In the second
phase of 30 minutes duration, the rod pigment rhodopsin is produced. This
increases the sensitivity of the retina by a factor of 1000. In the adaptation curves
over time, which are shown in figure 36-22, these two phases are clearly separated
by a kink, which is named after Helmholtz. As can also be seen in the figure, the
ability of the eye to adapt decreases with increasing age.

There are two special cases of eye adaptation defects, which are also indicated in
figure 36-22 [36-9]. If the rod pigment cannot be produced, the person suffers from
night blindness during conditions of low radiance. If, on the other hand, vision is
achieved only with rods and not the cones, monochromatic vision occurs.

The adaptation of the eye to increasing radiance takes place very quickly. In gen-
eral, the adaptation effect is dominated by the rods and therefore is performed in
the peripheral regions and not in the fovea.
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Figure 36-22: Adaptation of the eye to changing intensity with
time. The smallest values of the stimulus that can be recognized
are shown. The special effects for monochromatic rod vision
and night blindness are indicated only on one of the curves, but
are possible at all ages. The different curves indicate the change
in adaptation capabilities of the eyes with increasing age.

36.3.4
Photometry of the Eye

The photometric properties of the human eye are complicated. This is due to the
detection system.

If the duration of a signal is shorter than 100 ms, the eye summarizes the stimu-
lus to a signal which is proportional to the time. This is Bloch’s law.

The law of Weber—Fechner states that a signal is observed only as the logarithmic
function of the signal strength

I
S=3S,- logI—. (36-6)
0

In this equation, I, is the threshold value of the radiance, which corresponds to
the smallest detectable stimulus.

According to Weber’s law, the detection of differences in intensity is proportional
to the absolute size of the mean intensity:
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“ I =const - I. (36-7)

The validity of this equation is only be given for medium sizes of the radiance.

The behavior of the threshold radiance depends on the location of the image on
the retina. In the fovea, according to Ricco, the product of the threshold radiance
and the signal area A is constant

Lipresh - A = const. (36-8)
In the peripheral zones of the retina, Piper’s law states that

Liresh - VA = const. (36-9)

36.3.5
Dazzling

If the radiance of the scene is too great for retinal detection, the eye is dazzled.
There are three different kinds of dazzling [36-11]:

1. Absolute dazzling, the radiance is too large and cannot be reduced suffi-
ciently by adaptation.

2. Relative dazzling, there are large radiance differences inside the field of view.
The hot spots in the object structure produce dazzling.

3. Adaptation dazzling, the reaction to adapt the eye is too slow and the tem-
poral change in the radiance is too fast.

Log(L)
[cd/m?]
light 67
source, dazzling removed
hot t
ot spo 5 during adaptation
dazzling
4— line
dazzling
regime
3 -
2~ no dazzling
14 _ Log(L)
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-8 -6 -4 -2 0 2 4 6

medium over scene

Figure 36-23: Dazzling of the eye.
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If relative dazzling is considered, the irradiance of the complete scene and the
radiance of a bright part of the scene must be distinguished. If the radiance of the
whole scene is too great, the eye reacts by adaptation and also reduces the intensity
of the light source. If this change reduces the radiance ratio correctly, the dazzling
effect is removed. However, if the ratio between the radiance of the light source and
the radiance of the medium for the complete scene remains too high, the dazzling
effect remains. This is illustrated in figure 36-23.

36.3.6
Interpupillary Distance

The distance between the two pupil axes of the two eyes is called the interpupillary
distance dipp. This is an important measurement and is responsible for binocular
vision. Optical instruments with two separated binocular channels must be at the
correct distance, otherwise the field of view will be reduced.

Figure 36-24 shows the geometry of the two eyes and their interpupillary dis-
tance.

axis

rotation
point
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& »
< »

Figure 36-24: Interpupillary distance of the eyes.

The statistical spreading of the interpupillary distance over a large number of peo-
ple gives a range of 56 mm to 72 mm. Figure 36-25 shows the statistical distribution
of this measure, the mean values are djpp = 62.6 mm for females and d;pp =65.0 mm
for males [36-11].

36.4
Schematic Optical Models of the Eye

36.4.1
Introduction

A large number of theoretical eye models can be found in the literature. Nearly all
models have two versions of the data for the relaxed and the accommodated eye,
respectively. All the models try to describe the paraxial data of the eye by the corre-
sponding radii, distances and refractive indices. The complex shell structure of the
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Figure 36-25:  Statistical distribution of the interpupillary
distance over a large number of people for males and
females.

real human eye is simplified, therefore synthetic and effective values for the param-
eters are necessary in order to achieve this goal. The older models consist of spheri-
cal surfaces and their inventors use only refractive indices for one wavelength in the
green. These attempts are not able to describe the complex behavior of the eye for
finite field angles and other wavelengths. Furthermore, in most cases the models
are good only up to a maximum diameter of the pupil. The more modern and
sophisticated eye models describe these effects more or less effectively. Several
refractive indices are available for the main wavelengths and the surfaces also have
an aspherical shape [36-12]. In some cases, gradient index media are used to model
the human eye in a more realistic way. The aspherical surfaces allow us to model
the spherical aberration for various diameters of the iris to a good approximation.

It should be noted that there is not one eye model, which is accepted as the best
in all cases. Furthermore it must be mentioned that the data for a real human eye
are scattered around mean values in a broad statistical distribution. Therefore the
idea of a perfect eye model seems attractive, but is not possible in practice.

In table 36-6, several eye models are listed and compared. The last three rows
indicate which of the named aspects of the complete behavior of real eyes are cor-
rectly modeled.
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Table 36-6: Comparison of the various schematic eye models.

Model Aspherical for  Accommo-  Chromatic Astigmatism
all diameters  dation in the visible in the field

Simple Gullstrand yes

Full Gullstrand yes

Simple Theoretical / LeGrand yes

Theoretical / LeGrand yes

Walker yes

Emsley reduced no yes

Kooijman yes

Generalized reduced yes yes

(chromatic, Indiana)
Navarro extended yes yes yes yes

Liou-Brennan yes yes yes

There have been several attempts in the literature to provide an accurate chro-
matic description of the eye within a schematic eye model [36-13], [36-14].

All the more sophisticated eye models describe the optical properties of the eye,
but are not realistic anatomical models.

Table 36-7 shows some typical basic optical data of an eye. They correspond to the
full Gullstrand eye [36-15], which is historically the most used model.

Table 36-7:  Typical optical data of the Gullstrand eye. The locations are referenced to the anterior
surface of the cornea.

Relaxed Accommodated

Parameter Notation value value

Focal length object-sided f[mm] 17.055 14.169
Focal length image-sided f [mm] 22.785 18.930
Refractive power F [dpt] 58.636 70.57

Location entrance pupil p [mm] 3.045 2.667
Location exit pupil p’ [mm] 3.664 3.211
Principal point object-sided P [mm] 1.348 1.772
Principal point image-sided P’ [mm] 1.602 2.086
Nodal point object-sided N [mm] 7.078 6.533
Nodal point image-sided N’ [mm] 7.332 6.847

Length L [mm] 24.387
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36.4.2
Data of Some Schematic Eyes

In this section, the actual data of some schematic eyes are listed. The data are mostly
with explicit refractive indices. Usually, and when not mentioned otherwise, they
correspond to a wavelength of 587 nm.

1. Simplified Gullstrand eye
In the simplified Gullstrand eye, a simple pair of surfaces represent the lens. The refrac-
tive index for the lens is adapted appropriately to obtain the correct refractive power.

Table 36-8: Simple Gullstrand eye [36-15].

Relaxed Accommodated

No Notation Radiusr Thicknessd Indexn Radiusr Thicknessd Indexn
[mm] [mm] [mm] [mm]

1 cornea 7.70 0.50 1.376 7.70 0.50 1.376

2 anterior chamber 6.80 3.10 1.336 6.80 2.70 1.336

3 cystalline lens 10.0 3.60 1.4085 5.33 4.0 1.426

4 vitreous humor -6.00 17.187 1.336 -5.33 13.816 1.336

5  image -17.2 -17.2

2. Full Gullstrand eye

In the full Gullstrand model, the lens is made up of a kernel and a shell capsule.
Therefore, the lens is represented by four surfaces. In the two versions with a
relaxed and accommodated eye, the refractive indices are invariant and the change
in the refractive power is caused only by variations in the radii and the distances.

Table 36-9:  Full Gullstrand eye [36-3].

Relaxed Accommodated

No Notation Radius r Thicknessd Indexn Radiusr Thicknessd Indexn
[mm] [mm] [mm] [mm]

1  cornea 7.70 0.50 1.376 0.50 1.376

2 anterior chamber 6.80 3.10 1.336 2.7 1.336

3 frontlens capsule 10.0 0.546 1.386 5.33 0.6725 1.386

4 crystalline lens 7.911 2.419 1.406 2.655 2.655 1.406

5  rear lens capsule -5.76 0.635 1.386 -2.655  0.6725 1.386

6  vitreous humor —6.00 17.185 1.336 -5.33 16.80 1.336

7  image -17.2 -17.2
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It should be noted that, from a simple calculation of the Petzval formula, with the
data above, a resultant radius of the Petzval sphere of R,,=—-17.34 mm results from
the Gullstrand eye. The radius of the eye-ball is in the range of r =12.5mm. A con-
siderable flattening of the eye-ball in the region of the fovea as indicated in figure
36-2 leads to a curved image surface, which matches the Petzval sphere very well.

3. Theoretical eye of LeGrand
The theoretical schematic eye according to LeGrand corresponds to the simplified

Gullstrand eye. Its parameters are listed in table 36-10 [36-15]

Table 36-10: Theoretical eye of LeGrand [36-15].

Relaxed Accommodated
No Notation Radius r Thicknessd Indexn Radiusr Thicknessd Indexn
[mm] [mm] [mm] [mm]
1 cornea 7.80 0.55 1.3771 7.80 0.55 1.3771
2 anterior chamber 6.50 3.05 1.3374 6.50 2.65 1.3374
3 crystalline lens 10.20 4.00 1.420 6.0 4.5 1.427
4 vitreous humor —6.00 16.60 1.336 -5.5 14.23 1.336
5  image -17.2 -17.2

4. Simplified theoretical eye of LeGrand

In the simplified theoretical eye of LeGrand, which is also named after Listing,
some approximations are made in comparison with the standard LeGrand model.
The cornea is not modeled as a separate medium with finite thickness but is com-
bined with the anterior chamber. The lens is assumed to have an ideal vanishing
thickness.

Table 36-11:  Simplified theoretical eye of LeGrand [36-15].

Relaxed Accommodated
No Notation Radius r Thicknessd Indexn Radiusr Thicknessd Indexn
[mm] [mm] [mm] [mm]
1  cornea, chamber 8.00 6.37 1.3374 8.00 5.78 1.3374
2 lens 10.20 0.0 1.4208 6.00 0.0 1.426
3 vitreous humor -6.00 17.83 1.336 -5.5 16.15 1.336

4 image -17.2 -17.2
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5. The model eye of Walker

The schematic eye of Walker is quite similar to the simple Gullstrand model [36-16].

The corresponding data are listed in table 36-12.

Table 36-12: Theoretical eye of Walker [36-16].

Relaxed Accommodated

No Notation Radius r Thicknessd Indexn Radiusr Thicknessd Index n
[mm] [mm] [mm] [mm]

1 cornea 7.80 0.60 1.376 7.8 0.60 1.376

2 anterior chamber 6.40 3.0 1.336 6.4 3.0 1.336

3 crystalline lens 10.10 4.0 1.410 5.95 4.0 1.411

4 vitreous humor -6.10 17.20 1.337 4.5 17.20 1.337

5 image -12.5 -12.5

5. Reduced eye of Emsley

The reduced eye of Emsley [36-17] is a somewhat simpler model with only one
refracting surface to describe the behavior of the eye. The system is listed in table
36-13 and has a refractive power of 60 dpt. The eye is filled with water and an Abbe
number of 50.23 is assumed. This corresponds to a simple dispersion, which can be

described by the equation

, b
nd = a + 5— (36-10)
& —
with the constants
a = 1.31848 , b = 0.006662 , ¢ = 0.1292. (36-11)
Table 36-13:  Reduced eye of Emsley.
Relaxed Accommodated
No Notation Radius r Thicknessd Indexn Radiusr Thicknessd Indexn
[mm] [mm] [mm] [mm]
1 cornea 5.555 22.222 1.3333 4.2 15.6 1.3333

2 image
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6. Generalized reduced eye

The generalized reduced eye model is an extension of the early system of Emsley
[36-3]. A pupil is introduced to obtain a more realistic description of the field effects,
and the front surface is made aspherical. The dispersion relation is modified to
obtain a better fit of the chromatic properties of the human eye:

a = 1.320535 , b = 0.004685 , ¢ = 0.214102. (36-12)

Various modifications of this type of model are due to Thibos [36-14] and are also
called chromatic eye or Indiana eye models [36-13], [36-18].

Table 36-14: Generalized reduced eye.

Relaxed
No Notation Radius r [mm] Thickness d [mm] Index n Aspherical «
1  cornea 5.55 2.75 1.3333 0.6325
2 iris 19.47

3 image

7. Kooijman eye

The eye model of Kooijman [36-19] consists of four aspherical surfaces. With the
help of these degrees of freedom, the spherical aberration of the eye on-axis and the
photometric properties can be modeled quite accurately.

Table 36-15:  Theoretical eye of Kooijman.

Relaxed
No Notation Radius r [mm] Thickness d [mm] Index n Aspherical «
1  cornea 7.80 0.55 1.3771 -0.25
2 anterior chamber 6.50 3.05 1.3374 -0.25
3 crystalline lens 10.20 4.0 1.420 -3.06
4 vitreous humor -6.00 16.60 1.336 -1
5 image -14.1

8. Navarros chromatic wide-angle eye
Navarro et al. [36-20], have proposed a model of the eye which can be used to
describe accommodation, chromatic behavior and spherical aberration as a function
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of the iris diameter to a good accuracy. In an extended version [36-21], the wide-
angle properties are also taken into account.

The dispersion of the eye is described by Herzberger formulas for all media.
Furthermore, Navarro gives the data as a function of the accommodation [36-20].
This allows one to calculate the model for arbitrary distances and not only for the far
and the near point. The influence of the accommodation A, measured in dpt, is giv-
en in an empirical way with the help of the following equations:

r; = 102 — 1.75- In(A+1)

r, = —6 4+ 0.2294- In(A+1)

d, = 3.05 —0.05- In(A+1)

dy =4+ 0.1 -In(A+1) (36-13)
ny = 142 +9-107° - (10A + A?)

K3 = —3.1316 — 0.34- In(A + 1)

Ky =—1—0.125 - In(A+1).

Table 36-16: Theoretical eye of Navarro for relaxed eye and 589.3 nm.

Relaxed
No Notation Radius r [mm] Thickness d [mm] Index n Aspherical k
1  cornea 7.72 0.55 1.367 —0.26
2 anterior chamber 6.50 3.05 1.3374 0
3 cystalline lens 10.20 4.0 1.420 -3.1316
4 vitreous humor —6.00 16.40 1.336 -1.0
5 image -12.0

9. Liou-Brennan eye

The eye model due to Liou—Brennan [36-22] uses aspherical surfaces, together with
two gradient media to describe spherical aberration and astigmatism very precisely.
The anatomic similarity to real eyes is great and the prediction of the aberrations is
very good. The spectral properties are valid only in the visible range and cannot be
extended into the ultraviolet and infrared regions. The dispersion curves are syn-
thetic and give efficient values, which do not correspond to realistic dispersion
dependencies. In the original paper, the iris diaphragm is assumed to be decentered
and the fovea corresponds to a field angle of 5°.
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Table 36-17:  Theoretical eye of Liou-Brennan for relaxed eye and 589.3 nm.

Relaxed

No Notation Radius r [mm] Thickness d [mm] Index n Aspherical «
1 cornea 7.77 0.50 1.376 —0.18
2 anterior chamber 6.40 3.16 1.336 —0.60
3 crystalline lens 12.40 1.59 gradient1 -0.94
4 infinity 2.43 gradient 2
5  vitreous humor -8.10 16.27 1.336 +0.96
6  image
The gradients are described by the formula

n(r,z) = ny + mz + mz? + nyrl. (36-14)

The constants can be found in the literature.

36.4.3
Sample Calculations

Figure 36-26 shows the optical system of the classical Gullstrand eye model. The
prolate shape of the eye globe in the region of the retina has to be noticed. Figure
36-27 shows the corresponding spot diagrams for three colors and field positions for

a pupil diameter of 2 mm.

Figure 36-26: Gullstrand eye model.
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Figure 36-27:  Spot diagram of the Gullstrand eye model for dif-
ferent colors and three field positions. The side length of the box
is 0.1 mm. It has to be noticed, that in this representation, not
the identical angles are chosen as in fig. 36-26.

Figure 36-28 shows the optical system of the Navarro eye model corresponding
to the data of the previous section. This modern and rather good sample eye
can be used to simulate the working of visual optical instruments together with the
human eye. Figure 36-29 shows the spot diagram of this system for a pupil diameter
of 3mm, the axial and lateral chromatic residual aberrations can be easily recog-
nized.

Figure 36-28: Schematic drawing of the Navarro eye model.



36.4 Schematic Optical Models of the Eye

459 nm 550 nm 632 nm
0° . @
15° ®
20° %

*

Figure 36-29: Spot diagram of the Navarro eye model for differ-
ent colors and four field positions. The side length of the box is
0.1 mm. It has to be noticed, that in this representation, not the
identical angles are chosen as in fig. 36-28.

Figure 36-30 shows the spot diagram of the Navarro model eye for various accom-
modations and four field angles. The diameter of the pupil is approximately 2.7 mm
for all cases and the wavelength is 555 nm. The decrease in quality of the eye with
accommodation and increasing field angle can be seen. In the upper left point for
the relaxed eye and on-axis the spot size has almost the same diameter as the Airy
circle.

Figure 36-31 shows the residual rms wavefront aberration for @=550 nm on-axis
as a function of the pupil diameter for the Gullstrand and the Navarro eye models.
The results are quite different for diameters of the iris larger than 2 mm. The results
of the Navarro schematic eye are more likely to model the real human eye, as can be
seen by a comparison with experimental values. It is clear that the performance of the
eye decreases rapidly when the aperture is opened more than 3.5 mm in diameter.

Figure 36-32 shows the modulation transfer function at three field positions, a
pupil diameter of 2.7 mm and a wavelength of 550 nm for the schematic eye models
of Gullstrand and Navarro. The two lines correspond to tangential and sagittal line
orientations, respectively. It can be seen that there are significant differences for the
two models. In particular, the Gullstrand model is not able to describe the field
effects properly and, even on-axis, 30% differences occur in the visibility.
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Figure 36-30: Spot diagram of the Navarro eye model as a func-
tion of the accommodation and the field angle. The aperture cor-
responds to an iris diameter of 2.7 mm and the wavelength is
550 nm. The side length of the box is 0.1 mm.
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Figure 36-31: The rms value of the wavefront aberration for the
Gullstrand and the Navarro eye model as a function of the pupil
diameter.
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Figure 36-32: Modulation transfer function at three field posi-
tions, a pupil diameter of 2.7 mm and a wavelength of 550 nm
for the Gullstrand and the Navarro eye models.

Figure 36-33 shows the theoretical eye of LeGrand. It is a model eye, which gives
an especially good description of the chromatic properties of the eye. Figure 36-34
shows the chromatic variation of the image surfaces and the longitudinal chromatic
aberrations on-axis.
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Figure 36-33: LeGrand theoretical eye model.
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Figure 36-34: Chromatic image shells and longitudinal
chromatic aberration of the LeGrand theoretical eye model.

Figure 36-35 shows the transverse aberrations of the generalized reduced eye due
to Thibos [36-18] for several values of the aspherical parameter p, which is used here

as originally defined by the inventor. The relation with the usual conical parameter
is given by

p=rK+1 (36-15)

As can be seen from this figure, the asphericity of the cornea is only essential for
pupil diameters larger than 4 mm.
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Figure 36-35:  Transverse aberration of the generalized reduced
eye for different values of the asphericity parameter p =k + 1.

Figure 36-36 shows the tangential and the sagittal image surfaces for the general-
ized reduced eye as a function of the field height. The astigmatism can be clearly

seen.
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Figure 36-36: Tangential and sagittal image shells of the gener-
alized reduced eye model.

39



40

36 Human Eye

36.5
Color Vision

Color vision has already been discussed in chapter 9 of the first volume of this book.
For reasons of completeness, some of the details are reproduced here.

36.5.1
Spectral Sensitivity of the Eye

Rigorous physical approaches can explain the chromatic effect created by a particu-
lar radiation in an objective way. In the case of human sight, due to human sensory
physiology, the actual color stimulus can only be described if additional aspects are
considered. For example, different physical color stimuli can trigger the exact same
chromatic sensation and therefore the same color values. This phenomenon of color
sensation is called metamery.

The spectral sensitivity of the eye depends on brightness. Consequently, there are
two different sensitivity curves for daylight vision (photopic vision mainly by the
cones) and night vision (scotopic vision mainly by the rods) shown in figure 36-37.
In daylight the maximum of the spectral sensitivity is at 555nm, at night it is
507 nm. According to definition, the visible range of the spectrum lies between the
wavelengths 380 nm (violet) and 780 nm (red).

The normalized sensitivity of the eye V(@) correlates to the photometrically scaled
spectral sensitivity a{d) as

) = 683 1%- V(d). (36-16)

Using this relation, V(@) can be converted into the physical-photometric quantity
@(d). The unit is the lumen, Im (see chapter 6).

Investigating the circumstances more closely the curves are found to have a
slightly different form depending on the brightness, i.e., comparing daylight vision
with night vision. These small differences are clearly visible only in the logarithmic
plot.

The phototopic curve for daylight vision as well as the scotopic curve for night
vision are standardized under defined boundary conditions by the CIE (Commision
Internationale de I’Eclairage, or International Commission for Illumination) [9-1],
[9-2], [9-3].

All rods contain the same visual purple as the biological receptor for light and
chromatic sensation. Therefore the rods cannot distinguish between different col-
ors. They are simply brightness sensors.

In contrast, there are three types of cones with significant differences in terms of
their spectral sensitivity. The combination of the reaction of these three cone types
to the relevant visual stimuli leads to color vision. The activation of the different
types of cones yields the chromatic tristimulus values registered by the eye.
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Figure 36-37:  Spectral sensitivity of the human eye for daylight
and night vision as a linear and a logarithmic plot.

The relative spectral sensitivity of rods and the three cone types 1, m and s in the
eye are shown in figure 36-38 as a linear plot and in figure 36-39 as a logarithmic
plot.
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Figure 36-38: Normalized relative spectral sensitivity of the
cones and the rods as a linear plot.
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Figure 36-39: Normalized relative spectral sensitivity of the
cones and the rods as a logarithmic plot.

The shift of the spectral sensitivity between daylight and night vision produces
the Purkinje effect: Objects with different colors but with the same brightness in
daylight appear to have a significantly different brightness at twilight or at night.
The spectral sensitivity curves of the three cone types are given by the distributions
1(&), m(d&) and 5(@). Then, for a chromatic stimulus ¢(d) the color components are
calculated according to

780nm _

L= | o1 ds, (16-17)
380nm
780nm

M= | o mda, (36-18)
380nm
780nm

S= [ @ -3 dd. (36-19)

380nm

Together they yield the chromatic values registered by the eye. So the three differ-
ent types of cones define the LMS color system. The sensitivity curves given by na-
ture form the color-value curves of the human eye. The integrals of the quantities
1(&), m(&) and 5(@) over Gare normalized for the visible spectral range.
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36.5.2
Transmission of the Eye

In the eye the media of the lens and the vitreous body have spectral transmission
functions independent of the receptors. They also influence the sensation of color.
As shown in figure 36-40, the transmission approaches zero, especially for small
wavelengths, at the blue end of the visible spectrum. A noticeable absorption be-
tween the cornea and the retina begins at about 600 nm.

Figure 36-41 shows the development of the transmission spectrum through the
various parts of the eye when light enters the system. It can be seen that it is in par-
ticular the ultraviolet part of the incoming light which is blocked in the lens of the
eye. The vitreous bodies before and after the lens absorb the infrared light compo-
nents beyond 1300 nm. Therefore, the use of eye-save laser wavelengths at 1543 nm
ensures that there is no damage to the eye at the corresponding applications for
range finding.

The transmission curve of the eye already demonstrates a spectral dependence in
the visible region. Therefore, for the determination of the LMS color system for the
eye, these boundary conditions have to be taken into account. The exact curves and
values are dependent on them. Among the boundary conditions are:

1. Consideration of the pure receptors of the retina or the spectral influence of
the light passing into the eye through the cornea, anterior chamber, lens and
vitreous humor.

2. Determination of the size of the image field in the fovea. Usual values for the
image field are 2° and 10°.

3. Any strong color influences to which the eye has recently been subject, i.e.,
the effect of permanent color stimulus and contrast.
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Figure 36-40: Spectral transmission and reflection curves of the eye.
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4. The absolute value of the luminance of the radiation.
5. Environmental conditions, which also affect sensation, e.g., indirect lighting.
For in vivo conditions, the curves of the LMS color system are given in figure 36-42.
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Figure 36-41:  Spectral transmission curves at several depth
locations inside the eye. The wavelength scale is not linear.
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Figure 36-42: Curves for the color matching functions of the
LMS color system based on the sensitivity of the eye.
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36.6
Optical Performance of the Eye

36.6.1
Introduction

The quality of the optical system of the human eye can be considered in an objective
way in analogy to usual optical systems. On the other hand, it can also be discussed
in a subjective way, because the sensory influences of the human eye and the image
processing capabilities of the brain are very large. In this section, the objective analy-
sis is presented with the help of the criteria as discussed in chapter 30. A more sub-
jective view of human vision can be found in section 36.6.9.

It must be taken into account, however, that the quality of the optical system of
the eye depends on its adaptation and accommodation. Therefore a full description
of the performance contains a two-dimensional set of data.

36.6.2
Point Spread Function

Figure 36-43 shows the diameter of the light spot on the retina for an emmetropic
eye at @=550 nm on-axis for a relaxed eye. It is calculated with the help of the
Navarro schematic eye. The diffraction part and the size due to the residual spheri-
cal aberration and geometrical spreading are shown separately. It can be seen that
the eye is diffraction limited up until the diameter of the iris diaphragm is approxi-
mately 3.5 mm.
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Figure 36-43:  Spot diameter of the human eye as a function of
the aperture diameter. The two parts due to diffraction and geo-
metrical spreading are shown separately.
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For a pupil diameter of 3 mm, the numerical aperture in the eye is NA=0.0588
and the Airy diameter for @=550 nm is Dajy="7.6 um. The diameter and the pitch
of the cones in the fovea lies in the range of 2.3 um. Therefore, one object point
illuminates approximately (7.6 / 2.3)* = 10 cones. The optical system of the eye lim-
its the quality of image formation, but the resolution of detection on the retina is

higher.

36.6.3
Field Aberrations

The cones are responsible for the high resolution imaging properties of the eye.
Since the density of the cones decreases with increasing distance from the fovea, the
range of the best imaging lies inside a field of view of 2w =4°. A second reason for
the reduction of resolution with increasing distance to the centre of the fovea is neu-
ronal signal processing. Far from the fovea, a large number of rod receptors are
gathered in one ganglion, this also reduces the spatial resolution.

Figure 36-44 shows the behavior of this decrease in the highest resolvable spatial
frequency £ as a function of the field angle. The exact curves of the decrease depend
on both the wavelength and the brightness.
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Figure 36-44: Reduction of the resolution with field angle.

If a light signal is very weak, only a small radiance enters the eye. The pupil there-
fore adapts and increases in size. In this case, the peripheral spherical aberration of
the eye lens also reduces the quality and the resolution decreases.

If an object is imaged significantly outside the fovea at larger field angles, a resid-
ual astigmatism reduces the performance of the eye. This defect increases quadrati-
cally with the field of view. Figure 36-45 shows this growing astigmatism for two eye
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model calculations and from measurements. This again shows the limited accuracy
of the schematic eyes for larger field angles. Due to the eccentric location of the
fovea, the curves are not symmetrical around the angle w=0. The astigmatism is
larger for field angles on the temporal side.

astigmatism
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Figure 36-45:  Astigmatism, measured and calculated for two
model eyes.

36.6.4
Chromatic Aberrations

The natural dispersion of the media inside the system of the eye results in an axial
chromatic aberration. This effect is also called a chromatic difference in the refrac-
tion of the eye. An image on the retina, which is sharply focused in the green range
(550 nm) is myopic by -1 to -2 dpt in the blue range (480 nm) and +0.5 dpt hypero-
pic in the red (656 nm). This chromatic defect is especially large in the blue range.
It can be recognized very easily. If the eye is accommodated on a green spot light,
the blue light signals are blurred. The axial chromatic aberration shows only very
small statistical distributions and is nearly constant for all people.
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In the real eye, the worse imaging effects in the blue are partly suppressed by a
yellow absorbing pigment in the macula and a lack of S-cones in the fovea. Figure
36-46 shows the axial chromatic aberration of the human eye [36-6].
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Figure 36-46: Axial chromatic aberration of the eye.

The residual axial aberration causes a considerable effect on the spectral intensity
of the retina. If the eye is focused at d=550 nm in the green, the defocusing in the
red range has a value of +0.5 dpt and in the blue the image is defocused by 1.5 dpt.
This spectral defocusing is illustrated in figure 36-47. This spectral effect always
take place, independent of the spectral sensitivity of retinal detection.

Due to the special treatment of blue light and also due to the spectral sensitivity
of the cones, axial chromatic aberration has almost no impact on the resolution of
the eye.

The accommodation for far distant objects is done by the eye preferentially in the
red range at 685 nm. This wavelength lies significantly far from the spectral sensitiv-
ity maximum. If the object is located nearer to the eye, shorter wavelengths are used
to accommodate [36-11]. Figure 36-48 shows the change in the wavelength, which is
used for accommodation setting as a function of the object distance. This distance is
also measured here in diopters.

The lateral chromatic aberration generates colored stripes or fringes at the edges
of an object. This effect can be already seen in the centre of an image due to the
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Figure 36-47: Spectral defocusing due to axial chromatic aberration.
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Figure 36-48: Change in the accommodation wavelength with
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off-axis use of the eye. In the fovea, this residual aberration has a size of approxi-
mately 36” and therefore lies slightly beyond resolution.

The lateral chromatic aberrations depend on the height of the chief ray at the
refracting surfaces, especially the outer cornea surface. In the human eye, the dis-
tance between the pupil and the nodal points of the eye determines this height. Val-
ues deviating from the nominal value of 5.7 mm cause an increase in the lateral
chromatic color aberration with a slope of 0.037%/mm. Figure 36-49 shows the
increase in the lateral chromatic aberration with the distance between the pupil loca-
tion and the nodal point in the eye. This effect is called chromatic stereopsis and
causes errors in the detection of object distances if, when using an instrument, the
pupil of the system and the eye are not matched correctly. This effect also occurs if
the pupil of the instrument forces a shift in the chief ray relative to the eye pupil
position.
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Figure 36-49: Lateral chromatic aberration of the eye as a
function of the distance between the pupil location and the
nodal point in the eye.

36.6.5
Modulation Transfer Function

If the modulation transfer function is used to describe the quality of the human eye,
it is possible to incorporate the effects of the following:
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1. The optical system.
2. Retinal detection.
3. The influence of neuronal signal processing.

Typically, the relaxed eye is accommodated for an object at infinity. Therefore the
size of the field of view is scaled as an angle in degrees and the spatial frequency is
measured in cycles per degree (cyc/°). According to the focal length of the eye and
the fact that the image is situated in a medium with a refractive index of 1.336, the
correspondence between this information and the real size of the retinal image is

10 cyc/* < 33.3 Lp/mm. (36-20)

Under usual conditions in photopic vision with 3 mm pupil diameter, an emme-
tropic eye can resolve 100 Lp/mm on the retina at @=550 nm. The ideal value corre-
sponding to the cone-pixel size is higher, but the statistical distribution of the cones
and the residual aberrations and the diffraction reduce this to the above value. This
normal vision corresponds to an angle resolution of 1”.

An empirical approximation of the modulation transfer function of the relaxed
eye for @=>550 nm as a function of pupil size and the field angle can be formulated
as [36-23]

Hyn(v)=(1—-C)-e*+C-e B (36-21)

In this equation, the spatial frequency ¢ is measured in cyc/° and the constants A,
B and C depend on the pupil diameter and field angle, as indicated in tables 36-18
and 36-19 [36-24]. The parameters are optimized by fitting measured data and corre-
spond to the mean contrast of the eye between the sagittal and tangential orientation
of structures. Therefore, the data sets are not fully compatible. In principle, the pa-
rameters of the third row of table 36-18 and the first row of table 36-19 must coin-
cide. This model of the modulation function contains the optical influences of the
eye only; the properties of the retina sensors are not included.

Table 36-18: Dependence of the fit-parameters on the pupil diameter on-axis.

Diameter pupil [mm] Al B[] (o

2.5 0.16 0.06 0.36
3 0.16 0.05 0.28
4 0.18 0.04 0.18
6 0.31 0.06 0.20

8 0.53 0.08 0.11
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Table 36-19: Dependence of the fit-parameters on the field angle for a pupil diameter of 4 mm.
Field angle [] Al B[] c

0 0.172 0.037 0.22

5 0.245 0.041 0.20

10 0.245 0.041 0.20

20 0.328 0.038 0.14

30 0.606 0.064 0.12

40 0.82 0.064 0.09

50 0.93 0.059 0.067

60 1.89 0.108 0.05

Figure 36-50 shows the monochromatic modulation transfer functions for a
4mm pupil size for the relaxed case. If the eye accommodates to nearer object dis-
tances, the performance of the eye is reduced.
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Figure 36-51 shows the dependence of the visibility on the spatial frequency for
the relaxed eye on-axis, white light, a pupil size of 2.5 mm and two object distances
with the corresponding accommodation states on-axis. The diagram is generated by
calculation with the help of the generalized relaxed eye model for polychromatic
light.

Log Hyqe
A
1.0 e e
— | relaxe
025dpt |
0.1
0.01 /
S~ neuronal
threshold
0.001 N
0 10 20 30 40 50 60

cycles/®

Figure 36-51:  Polychromatic modulation transfer function of
the human eye for different accommodation states.

The polychromatic modulation transfer function takes the lateral chromatic aber-
ration into account. The behavior of this curve is different and shows a considerable
impact of the field size on the performance due to the lateral color aberration. Figure
36-52 shows some modulation transfer functions incorporating the lateral color, cal-
culated in the generalized reduced eye model [36-3].

It should be noted that there is a threshold visibility for the human retina, which
depends on the brightness and the spatial frequency [36-25]. The corresponding
curve is shown in figure 36-51. It is also called the aerial image modulation contrast
(AIM) or is used as the reciprocal contrast sensitivity function (CSF). Higher spatial
frequencies need a significantly higher contrast to be resolved. For the determina-
tion of the real modulation transfer this effect must be taken into account. It is only
the difference between the optical contrast curve and the threshold contrast which is
useful and which improves the visibility of details.
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Figure 36-52:  Polychromatic modulation transfer function of
the human eye for different locations in the field of view.

If the pupil diameter is enlarged, the modulation transfer function changes dra-
matically. The performance of the eye decreases with increasing pupil width due to
spherical aberration. This is shown in figure 36-53 for illustration.
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Figure 36-53: Monochromatic modulation contrast of the eye
for &= 550 nm and pupil sizes of 3 mm and 7mm. For a 3mm
pupil size, the perfectly corrected case without spherical aberra-
tion is shown for comparison. The red curve shows the thresh-
old contrast.
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Figure 36-54 shows the combined effect of the discrete nature of the cone struc-
ture of the retina and the Nyquist limit of the neuronal Ganglion cells as a function
of the field size. The pure optical performance is also indicated for comparison
[36-3]. The resolution decreases with increasing field angle, since the pooling effect
of the cone cells generates a lower Nyquist resolution limit for larger field angles.
On the other hand, the detection limit of the cones due to the finite contrast sensitiv-
ity decreases only slightly with the field angle. Between these two limits, a broad
zone of aliasing occurs. This shows that the resolution of the eye for finite field
angles is primarily determined by the resolution of the detection and not by contrast
sensitivity.
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Figure 36-54: Neuronal, optical and retinal limits of the
modulation transfer in the eye as a function of the field of view.

The limiting threshold contrast sensitivity of the eye depends on the brightness
and the field position. This is due to the distribution of the rods and cones on the
retina and a clustering of sensors dependent on the radiance. Figure 36-55 shows
this threshold contrast as a function of the spatial frequency for various values of
the radiance on-axis. Figure 36-56 shows the threshold contrast sensitivity as a func-
tion of the spatial frequency for photopic vision at several field positions according
to [36-26].
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Figure 36-55: Threshold contrast sensitivity as a function of the
spatial frequency for several values of the brightness on-axis.
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Figure 36-56: Threshold contrast sensitivity as a function of
the spatial frequency for several values of the field angle for
photopic vision.
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36.6.6
Visual Acuity

The resolution of details in an object is called the visus or the visual acuity. The relative
possibility to recognize object details of the angular size w by the eye defines the visus

v-L (36-22)

w

For ¢)=550 nm, a typical object can be resolved by a healthy eye under bright illu-
mination and observation in the fovea down to an angle size of approximately 1”.
This corresponds to a visus of 1. All situations in which there are some problems
with vision have a visus of V< 1.

In real life, the visus is determined by observing a standardized shape under nor-
malized conditions for different distances z. Figure 36-57 shows two accepted sym-
bols, which are used to measure the visus of patients. Part a) shows a ring shape
with an opening according to Landolt. The ring is positioned with increasing dis-
tance to the observer and is rotated in the azimuth. If the resolution is poor, the
patient cannot decide on the azimuthal angle of the gap. The corresponding dis-
tance allows a quantitative determination of the visus. This is a subjective measure-
ment of the performance of the eye.

a)

3a

Figure 36-57: Geometry of a) the Landolt ring and b) the standard letter E.

The visus of 1 is measured in a standard situation corresponding to the data of
figure 36-58. The block letter ‘E’ with a size of 8.9 mm is observed at a distance of
6.096 m, the size of the image on the retina is 25 pm. This corresponds to approxi-
mately 2 cones per length scale a of the letter structure.

distance 6.096 m

image : . l

geight E

Sum eye block |
letter

Figure 36-58: Definition of the visus 1 by observing the norm
letter E under standardized conditions.
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Figure 36-59: Image of the Landolt ring with increasing blur.

Figure 36-59 shows some examples of blurred Landolt rings. If the distance is too
large, the finite quality of the eye produces a blurred shape. The size of the blur is
scaled with the parameter a of the geometry. In the case of blur 24, the gab can still
be seen, in the case of 3a, it is not really possible, although an asymmetry can be
recognized.

The visus is directly proportional to the distance of the object. A scaling of this
criterion therefore satisfies the equation

Vnorm = Sreal : Vreal . (36-23)

An appropriate scaling is valid for larger angular fields of view. Generally, the
visus is higher in binocular vision in comparison with monocular sight. Simulations
of the retina image and an estimation of the corresponding visus can be found in
the literature [36-27].

36.6.7
Resolution

A first consideration of the resolution of the eye uses the two-point resolution criter-
ion. Figure 36-60 shows the corresponding geometry. It is simply assumed that two
points can be resolved, if they fall onto different neighboring cones in the fovea. If a
cone distance of 4 um is assumed and the object is located at the normalized dis-
tance so=250mm, where the length L=22mm of the eye defines the limiting
resolvable angle, we obtain

= 1. (36-24)
This corresponds to a separation of
“xl =501, =75um (36-25)

of the two points at the normalized distance of 250 mm.
There are several different influences on which the visual acuity depends. These
factors are, for example,

1. Geometry: Shape of the resolved details.
2. Physical: Radiance and color.
3. Optical: Quality of the image on the retina.
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4. Anatomic: Age, conditions on the retina, other non-optical defects.
5. Physiological:  Adaptation, status of the optical nerve.
6. Psychological:  Attention, habitation and experience.

AX' =75 pum
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: W ]
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s, =250 mm

Y

A
Y

L =22 mm

Figure 36-60: Explanation of the resolution of the eye. The an-
gles are extremely exaggerated.

Generally, due to the optical system of the eye and the structure of retinal detec-
tion, the visual acuity decreases with increasing field of view. Furthermore, it
depends on the color, the radiance and the accommodation of the eye.

There are some rather different conditions for human vision resolution, depend-
ing on the shape of the object.

a. Pattern recognition
The human eye can resolve and recognize black letter shapes on a white back-
ground corresponding to a spatial frequency of 30 cyc/° or 5.

b. Grating resolution
Resolution of black-and-white bar patterns with rectangle or sinus-modula-
tion. In the best case the eye can resolve 60 cyc/® corresponding to an angle
of 2’.

c. Two-point resolution
The human eye can resolve two black points on a white background, which
are separated by 1'. If the colors are inverted, the resolution is half the size.

d. Vernier or nonius acuity
The separation and resolution of two small parallel straight lines is possible
up to a separation of 10”. This is a rather high value and lies below the struc-
ture size of the cones which is approximately 19”. This shows that the eye is
able to determine the centroid of a corresponding light distribution over sev-
eral cones very precisely.

e. Stereoscopic resolution of depth
The angle resolution, which is necessary in order to get a stereoscopic
impression of depth lies in the range of 5”. This is the binocular acuity and is
the highest resolution which the eye possesses.
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In figure 36-61, these different conditions of resolution are shown for illustration.
The differences in the resolution limits are not easy to understand. One reason,
which must be taken into account, is the mosaic structure of the retinal cone distri-
bution. The sensoric elements therefore show a coarseness, which is similar to the
discrete structure of an electronic detector.

a) letter b) grating c) two points
5 2 1

d) nonius
10"

e) binocular 5"

Figure 36-61:  Different conditions for visual resolution.

As mentioned above, the visual acuity and the angle resolution depends on sever-
al parameters. Figure 36-62 shows four of these dependencies. In a) the increase in
the acuity with contrast is shown. In b), it can be seen how the acuity reduces if the
signals rapidly changes with time. In c), the dependence of the resolution on the
radiance is shown: a brighter signal can be better resolved. In d), the reduction in
the resolution with the age of the eye is shown. Several reasons contributing to the
degradation of the whole system are responsible for this change. The acuity is drawn
on a logarithmic scale. Since the curves are the results of measurements under
slightly different conditions, the absolute values are not directly comparable [36-3].

The dependence of the angular acuity on the radiance is shown in figure 36-63 in
more detail.

The structure of the retina with the various ranges of cone and rod detection and
the blind spot causes a dependence of the angle acuity on the location on the retina.
Figure 36-64 shows this behavior [36-6].
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Figure 36-62: Various dependencies of the visual acuity V.
Shown are the dependencies on the visibility a), the speed b),
the radiance c) and the age d).
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Figure 36-63: Acuity of the eye as a function of the radiance.
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Figure 36-64: Change of relative sight as a function of the position on the retina.

36.6.8
Stray Light

Stray light inside the eye causes a reduction in the contrast and a decrease in the
resolution. There are several reasons for the generation of stray light in the eye. The
most important sources of stray light are as follows:

1. The outer surface of the cornea (contribution of approximately 25%).

2. Reflection at the retina (25%).

3. Scattering in the structure of the crystalline lens. This effect is particularly
pronounced when a cataract is present.

4. Volume scattering effects in the anterior chamber or in the vitreous humor.

5. Residual transmission in the outer zones of the iris diaphragm.

Typically, due to aging effects in the media, the stray light level increases during a
lifetime by a factor of 2 to 3.

36.6.9
Measuring the Performance of the Eye

There are several methods which are used to measure the standard of performance
of the eye.

In the more subjective methods, the patient must give his impression of the particu-
lar resolution or quality of the perceived object. Test charts with normalized patterns are
presented at different distances and conditions. The resolution of the details is analyzed
by discussion and subjective information. Usually, the defects of the eyes are com-
pensated by Phoropter systems which measure only the residual errors.
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In the objective methods, several different concepts are used to analyze the optical
quality using external instruments such as ophthalmometers, refractometers or scia-
scopes.

The most important basic techniques used by these instruments are listed in the
following:

1.

36.7

Psycho-physical measurement of the visibility:

A sinus grating is projected onto the retina and the visibility is detected.
Ophthalmoscopic double-pass method:

A point object is projected onto the retina. The spot on the retina is imaged
back using a detection system outside of the eye. The external measured
point spread function is used to analyze the wavefront, which passes the eye.
The problem with this method lies in the consideration of the double pass,
where the asymmetrical aberrations are cancelled and the complicated scat-
tering behavior of the retina has an impact on the result. Due to the layered
structure of the retina, the origin of the back-scattered light comes from dif-
ferent depth locations and therefore has partially coherent properties. The cir-
cumstances are more convenient when the illumination used to generate the
spot has a small numerical aperture and the total aberration comes mainly
from the back-directed light with the full numerical aperture of the eye.
Measuring the wavefront:

This is very similar to method 2. The light of the spot on the retina is ana-
lyzed by a wavefront-measuring technique. For example, a Hartmann—Shack
sensor can be used to detect the quality of the outcoming wavefront.

Binocular Vision

36.7.1

Introduction

If both eyes are used, we have so-called binocular vision. There are three types of
binocular vision, which can be distinguished.

1.

Without fusion:

Both eyes produce a separate impression.

With fusion:

Both eyes produce a separate picture, but both pictures, although slightly dif-
ferent, are merged in the brain to form a common impression.

With fusion and 3D impression:

In addition to 2., the brain uses the common information to form an impres-
sion of depth. This is called stereopsis and provides additional information.

Figure 36-65, shows the principle of binocular vision. Both eyes are rotated
towards one another, which is the so-called vergence. Therefore, the object point is
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seen by both eyes, but from a slightly different angle. This angle difference produces
the impression of distance, the basis for which is the interpupillary distance. As can
be seen in figure 36-66 [36-16], the field of view of both eyes is also different with a
significantly overlapping part. Binocular stereoscopic vision is only possible in this
common part of the field of view, which has a size of approximately 140° in the hor-
izontal direction.

The fusion of the two images from the right and left eye channel can only be
achieved if the region of overlap is large enough and the difference between the two
separated images is not too great. If the two images are quite different, the common
image disintegrates and no stereoscopic effect occurs. As a rule of thumb, the lateral
deviations of the object detail should not exceed 1/30 of the total width of the image.
Differences within this range can be integrated by the brain into a common image.

Stereoscopic vision can also be generated synthetically by the images produced by
two cameras. If both channels show the same differences as those obtained in nat-
ural observation, a stereoscopic impression will be produced.

rotational s
point <

vergence
angle

nodal point

Figure 36-65:  Principle of stereoscopic vision and vergence of the eye axis.

right eye left eye binocular

A A

200°| 170°

left

140°

stereoscopic

right

Figure 36-66: Field of view in binocular sight.



36.7 Binocular Vision

36.7.2
Convergence

For binocular vision, the axes of both eyes are not parallel. There are three types of
movement of the eye and corresponding axis directions which can be distinguished.

1. If the axes are rotated inwards in the horizontal cross-section, both eyes are
oriented towards a common object point. This is called vergence and is neces-
sary for binocular stereoscopic vision.

2. If both axes are moved outwards in the horizontal cross-section, the position
is called divergence.

3. If both eyes are moved in the vertical direction with reversed sign, they pro-
duce a dipvergence.

Figure 36-67 illustrates these different cases of axis orientation.

vertical dipvergence

horizontal

Figure 36-67:  Principle of stereoscopic sight.

During a short time period of approximately 0.2-0.6 seconds, the eyes adjust the
right vergence angle to focus on a distant object. The angle corresponds to the dis-
tance of the object respective to the pupillary distance of the eyes. Therefore the
accommodation and the vergence are coupled. Figure 36-68 shows the relationship
between these two measurements [36-3]. If the vergence angle is too large or too
small, the difference between the right and the left image is too large and no stereo-
scopic vision is possible. The necessary vergence angle depends on the pupillary dis-
tance. The corresponding lines in the distance—convergence diagram of the figure
are called the lines of Donders. In the orange zone, a fusion of the images is possi-
ble. However, in the yellow ranges, the images suffer from blur and are disinte-
grated. This relates to the fact that stereoscopic vision is only possible over a certain
range of distances. If the distance is too large, the difference between the two im-
ages is too small. If the distance is too small, the differences between the images is
too large.

A certain object distance may be given and the corresponding vergence of the eye
is adjusted. The points of the field of view, which allow fusion of the images, are
called correspondent and they are located on the so-called horopter surface. All other
points with too large transverse deviations outside this region are called disparate.
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Figure 36-68: Distance—convergence diagram. The colored lines
correspond to the ideal values and are called the lines of Donders.
Stereoscopic vision can be achieved in the orange region.

There are two different types of region for vertical and horizontal disparate points.
Usually, due to the position of the eyes, only the horizontal direction allows for
depth discrimination. Figure 36-69 shows an illustration of the region of possible

stereoscopic
viewing

double
images

axis

Horopter
line double
images

Figure 36-69: Region of stereoscopic vision.
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stereoscopic vision. On a hypothetical surface in front of the eyes, the images lies on
corresponding points of the fovea. The intersection of this surface with the horizon-
tal plane is called the horopter line. Around this line, the so-called panum region
allows for stereoscopic vision. For points with greater distance, the difference be-
tween the images is too small, for points with a smaller distance, the difference be-
tween the images is too large for successful fusion. The corresponding regions are
indicated in figure 36-69 by different colors.

36.7.3
Stereo Vision and Depth Discrimination

The resolution of depth information in stereoscopic vision is only possible due to
the difference between the two images from the right and the left eye channels. A
small lateral deviation occurs, which allows the brain to separate the information. If
s is the distance from an object, the angle of convergence is given by

9 = dl% . (36-26)

The corresponding geometry is shown in figure 36-70.
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Figure 36-70:  Principle of stereoscopic vision.

If the lateral deviation is given by y, and the depth difference is small compared
with the absolute distance “ s < s, the relation

is valid. The smallest stereo angle which can be resolved and which allows stereo-
scopic vision is called the stereo resolution limiting angle. It lies in the region of 10”
under appropriate conditions. The limiting difference of the stereoscopic angle cor-
responds to

Y

D = (36-28)
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From these equations, we get the relation

dipp -7 s

o
L O—
min SZ

(36-29)
from which the resolvable depth can be determined. If, for example, a distance of
s =1 m is considered and a limiting angle resolution of “ $=10" is assumed, we get
a depth of ” s =0.8 mm, which can be resolved.

This critical angle depends on the radiance. The corresponding function is illus-
trated in figure 36-71.
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Figure 36-71: Dependence of the critical angle of stereoscopic
vision on the radiance.

Stereoscopic vision gives an impression of depth. If the conditions are appropri-
ate, stereoscopic vision results in a depth resolution. There are several aspects which
contribute to the impression of depth. The following list contains various aspects
which assist in the discrimination of depth and which are also present for monocu-
lar vision without fusion of the images:

Geometrical perspective.

Sharpness of contour lines.
Distribution of light and shadow.
Coverage of objects.

Parallax of movement.

Impulse of convergence of the eye.
Impulse of accommodation of the eye.
Size of images and experience.

PN A
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36.8
Eye Defects

36.8.1
Introduction

There are several different causes of eye disease which may involve either the optical
system of the eye or retinal detection.

Figure 36-72 compares some typical cases. In a) a typical refraction aberration is
shown. This is the main problem for which spectacles are used. A simple myopic or
hyperopic eye, spherical aberration or astigmatism fall within this area. In b) the
visual impression produced by glaucoma is shown. Here the field of view is reduced
due to a degeneration of the macula. As a special phenomenon, in c), particular
defects of the retina produce black areas in the field of view and a decrease in resolu-
tion and contrast within the visible parts. If the eye has a cataract, a strong scattering
and absorption effect reduces the contrast of the imaging. The appearance of the
image in this case is shown in part d) .

In this chapter, the discussion of eye defects concentrates on refraction errors. An
eye is called emmetropic, if the vision is good and without defects. This means that
the far point is at infinity, there is no abnormal color impression and there is no
astigmatism or stronger defect of refractive power or spherical aberration. In partic-
ular there is no conic-like topography of the outer corneal surface, known as kerato-
conus. If the eye does have one or more of these defects, it is called ametropic. All of
these defects are quantitatively described by modern more sophisticated schematic
eye models.

original a) refraction error b) glaucoma

&

o S ™ L i, S

c) retina defects d) cataract

N W _ . - - )

Figure 36-72:  Original object and four different examples a) to d) of eye diseases.
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36.8.2
Myopia

If an eye is myopic, only close objects can be seen sharply and with good resolution.
Accommodation fails to adjust for more distant objects. The reason for this effect
can be an eye-ball which is too long, too short a radius of curvature of the cornea, or
an eye lens with a very short focal length. Figure 36-73 shows these three cases of
myopia. The correction of this problem can be by means of spectacles with a nega-
tive refractive power.

a) b) c)

Rcomea

lens

AF AF

Af

Figure 36-73: The three most important reasons for myopia.

In case a) the eye-ball is too long, in case b) the curvature of the
cornea is too large, and in case c), the refractive power of the
eye lens is too large. The first diagram shows an ideal eye.

Since natural accommodation results in a shorter focal length of the eye lens,
myopia can therefore be corrected with the help of an additional lens. Due to the
sign of the effect it is not possible to compensate for myopia by accommodation. If
no correction lens is used, the accommodation reduces the visus of the eye as can be
seen in figure 36-74.

If the radiance is low for scotopic vision, a natural myopia of the eyes due to adap-
tation occurs. The reasons for this night-myopia are the immobile position under
low radiance and the chromatic shift of the best accommodation.

36.8.3
Hyperopia

An eye is called hyperopic, if only far distant object can be seen sharply. The eye-ball
may be too short, the refractive power of the eye lens too small or the cornea has a
radius of curvature, which is too large. Figure 36-75 shows these cases for illustra-
tion.

If the eye is accommodated, this refraction error can be compensated. But the
dynamic range of the accommodation is reduced in this case.
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Figure 36-74: Reduction of the visus performance of the eye
due to accommodation or defocus.

This type of refraction error in principle occurs in higher ages automatically, since
the refractive power of the eye lens is reduced. This effect is called prespyopia.

The correction of hyperopia is possible with a positive lens, which helps to shift
the far point correctly.

ideal a) b) c)

R

cornea —

Figure 36-75: The three most important reasons for hyperopia.
In case a) the eye-ball is too short, in case b) the curvature of
the cornea is too small, and in case c) the refractive power of
the eye lens is too small. The first diagram shows an ideal eye.
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36.8.4
Astigmatism

If the refractive power of the eye is different in the horizontal and the vertical cross-
section, this is known as astigmatism. In most cases this defect results from differ-
ent radii of the cornea. Usually the refractive power is larger in the vertical section.
The correction of this aberration is only possible with a toric lens. For the descrip-
tion of this refractive error, the amount of astigmatic difference and the location of
the azimuth are necessary. It is also possible to correct the astigmatism of the cornea
by using hard contact glasses which force the cornea to adjust the radii of curvature.
Only a small residual error due to a tear film usually remains.

36.8.5
Aniseikonia

If two eyes have different focal lengths, the magnification will be different. This
results in two different sizes of the image and causes problems in binocular vision.
A problem of this type is called aniseikonia.

The correction of this effect is possible with quite thick meniscus-shaped specta-
cles.

36.8.6
Color Aberrations

There are three major cases of chromatic problems with the human eye. They are:

1. Anomal trichromasy
In this case, one of the cone receptors are weak, there is a perturbation of the
equilibrium of the three color perceptions. The overall color impression is
somewhat strange in this case, but is not registrated by the individual due to
a lack of comparison.

2. Partial color blindness, dichromasy
In this case, the eye is completely blind to one of the main colors. This kind
of problem is quite rare.

A particular variation of this problem is red-green blindness. The patient
cannot distinguish between these two colors. Figure 36-76 shows a test chart
for this kind of defect. With correct vision, the word ‘ARMEE’ is seen, in the
case of red-green blindness, the reader sees the word “ZIVIL'.

3. Monochromasy
If the eye has no ability to distinguish any colors, the person is completely
color blind. For genetic reasons, this effect only occurs in males.
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36.8.7

Demonstration of red—green blindness.
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The optical performance of the human eye usually shows a statistical distribution
and decreases with increasing age.

Figure 36-77 shows the ametropic distribution for spherical aberration over a
large population [36-3]. It can be seen that a negative refraction error is more prob-
able than a positive one. Figure 36-78 shows the corresponding diagram for the
probability of astigmatism.
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Figure 36-77:
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Probability distribution for the occurrence of spherical aberration.
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Figure 36-78:  Probability distribution for the occurrence of astigmatism.

The ability of the human eye to accommodate changes during a lifetime and
therefore older people usually require spectacles in order to observe close objects.
This presbyopia effect occurs slightly earlier for females. The corresponding statis-
tics can be seen in figure 36-79.
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Figure 36-79:  Probability for the use of refractive correction with age.
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36.8.8
Cataract

An eye which has a cataract will suffer from strong scattering inside the eye lens
due to cloudy effects. This causes low transparency and a reduction in the contrast
and resolution. The only possible way of overcoming the problem in this case is the
removal of the lens.

Figure 36-80 shows two pictures of a moderate and a dense cataract. In the
extreme case, the eye is effectively blind.

a) moderate cataract b) dense cataract

Figure 36-80: Eyes with cataracts.
36.9
Correction of Eye Aberrations

36.9.1
Correcting Refraction by Spectacles

Simple spectacles are the oldest and most widely used method to correct eyes with
refractive defects. In the case of myopia, a negative lens helps to increase the total

focal length. This case is shown in figure 36-81.

eye binocular

Figure 36-81:  Correction of myopia by a spectacle lens with negative power.
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The opposite case is hyperopia, where a spectacle lens with positive power is nec-
essary to reduce the focal length of the complete system. This case is shown in fig-
ure 36-82.

eye binocular

Figure 36-82:  Correction of hyperopia by a spectacle lens with
positive power.

Most ophthalmic lenses have a meniscus shape with the concave side oriented
towards the eye. If the optometrist indicates that spherical correction is required,
only power correction is needed. A real correction of higher aberration orders, such
as spherical aberration is possible, but not usual. The tolerance of the power correc-
tion of an ametropic eye is typically 0.06 dpt.

For a correct adaptation of a spectacle lens, there are several aspects which must
be considered. These are as follows:

1. Centering both lenses at the correct interpupillary distance.

2. Adjusting the height position of the lens for a correctly centered passage
through the axis of the eye.

3. Obtaining the correct distance of the lenses form the cornea. Typically, a dis-
tance of 14 mm is chosen.

4. Finding the correct tilt of the lenses for near distances to obtain a comfortable
reading position.

For the correct determination of ophthalmic lenses, the following terms for char-
acterizing the axial powers of the lens are used.

1. The surface powers of the radii of curvature for the front surface with index 1
and the rear surface towards the eye with index 2 are
n—1 . n—1

61 =— 6= ———, (36-30)
1 2

where n is the refractive index of the glass.

2. The equivalent power is the overall power of the lens

0,=0, +0, ——-0,-0,, (36-31)
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which results from the simple paraxial formula for the power of two lenses at
a distance ¢.

The back vertex power of the lens with thickness t is defined as the refractive
power as it is effective for a location reference at the back surface. It is given
by

5%2%1,,4“3’2:7% (36-32)

and obtained easily, if the reference of the focal length is changed form the
principal plane to the back vertex plane. Since the principal planes are not
measurable directly, the term & ’, is easier to use. It corresponds to the radius
of curvature of the bent outgoing wave for an incoming plane wave.
All the equations so far are concerned with a far point or an object at infinity.
If the lens must correct for an object at a finite distance s, by using the lens-
makers’ formula, this case can be obtained by
o )«
5'v:o"2+1‘f1+1/s:o"'m+%. (36-33)
=2 (G1+1/s) 1—5mo

The last expression indicates that a refractive power must be added to the
relaxed case in order to design a suitable lens for a finite object distance.

Figure 36-83 shows the geometry of the eye with a spectacle lens. The distance of
the glass from the cornea vertex is denoted by a. The distance between the lens and
the pupil plane is denoted by p.

In practice, the choice of the thickness t of the lens is optimized by being of light
weight but having a thicker edge, which is not too small. The greatest problem con-
cerns the thickness, when designing positive glasses.

spectacle lens

Y
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A
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Figure 36-83:  Correction of a refraction defect by a spectacle lens.
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An ophthalmic lens changes the magnification of the retinal image. The equation

1

o s

(36-34)
gives the magnitude of this effect, where & is the desired correction of the refractive
power. Figure 36-84 shows the influence of the refractive power on the magnifica-

tion for the usual distance of a = 14 mm, corresponding to p= 17 mm.
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Figure 36-84: Change in the magnification by the correction of
a refraction defect with a spectacle lens.

If the binoculars are not centered relative to the axis of the eye, a prismatic effect
is produced. If a is the distance of the back vertex of the glass to the eye and S, is
the back vertex power of the lens for relaxed vision, according the rule of Prentice,
the deviation of the angle due to the decentration ¢ of the glass is given by
S

ﬂzc.—
@ 1—a-s.

(36-35)
which results from the simple approach of the declination angle of a dispersing
prism.

36.9.2
Binoculars with Corrected Oblique Astigmatism

Usually the eye rotates when a moving object is observed. The brain tries to fix the
object detail in the fovea in order to obtain the best possible resolution. The rotation
of the eye around the rotation point causes different heights and angles for the axis
bundle of the eye through the spectacle lens. This geometry is illustrated in figure
36-85.
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Figure 36-85: Geometry of an eye with a correcting spectacle lens and a rotating eye-ball.

If the eye is rotated, field dependent aberrations will occur. These are lateral color,
distortion and curvature of field, which cannot, in principle, be removed by the two
surfaces. Lenses with positive refractive power show a pincushion distortion, while
negative lenses have a barrel-type distortion. Furthermore, astigmatism is caused by
the oblique passage of the rays in the field. This type of aberration can be corrected
under certain circumstances by the bending of the lens.

According to the Coddington equations, for the refractive power in the sagittal
cross-section we have

1 ncosi’; — cosi;  ncosi’, — cosi,

S = - (36-36)
N r T

and analogously for the tangential case

1 ncosi’; — cosi; ncosi’, — cosi, cos?i,
- = . (36-37)

1, - cos i’y r, - cos?i, cos?i’,

In the small-angle approach and the thin-lens approximation d =0, one obtains

the refractive powers of the front and the rear surface of the glass by

o n—1 o 1-n
8, = L 6, = (36-38)

r r

and the complete lens has the power

1% o o

0 =0,+0,. (36-39)

Here r; and r, are the radii of curvature and n is the refractive index. If s is the
intersection length of the object position and a is the distance from the back vertex

\A
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of the lens to the point of eye rotation, then from the above equations in third-order
expansion, the following condition for vanishing astigmatism s’=#" can be obtained

4263+ a1 (1-3) - 4208 |5,

+ Kno —2(";1)) : (1—Snz+5> +n(na7_21)2] =0.

This is the equation of an ellipse, which is named after Tscherning. If the lens of
the spectacle glass is curved, the distribution of the refractive power between the
front and the rear surface will change. If the size of ¢ as the necessary correction of
the refraction is fixed, there are two possible solutions for a spectacle glass without
astigmatism. The distance from the glass to the eye influences the solution indirect-
ly due to the size of the distance a. It should be mentioned that this anastigmatic
solution is only valid in third order. The condition of zero astigmatism is valid for all
image field sizes y. An example is shown in figure 36-86 with parameters
a =28.5mm and n=1.525 and the object in infinity.

The two solutions are named after their inventors Ostwald and Wollaston. The
Wollaston solution has a strong curvature of the lens, but has the advantage of a
weak dependence of the solution on the desired object distance s. This is shown in
figure 36-87. The case of the Ostwald solution has the advantage of a small curva-
ture, but has a strong dependence on the object distance. For extreme values of the
necessary refractive power ¢ , there is no solution of the quadratic equation (36-40),
an astigmatism-free glass does not exist. This case happens approximately for 6 >7
dpt and for 6 <-22 dpt. In these cases, only a curvature with minimal astigmatism
can be chosen, which is given by the equation [36-28]

(36 — 40)

P _5 n?—1 1+1 36-41
) n+2 \s a/)’ ( )

The location of these solutions is also indicated in figure 36-87 by straight lines.

If for practical reasons, the curvature is reduced in order to ensure comfort dur-
ing the wearing of the spectacles, there will be a remaining astigmatism. Figure 36-
88 shows the residual astigmatism together with the astigmatism-free solution
lines.

The same consideration as for spherical eye-glasses can be made in the practical
requirements regarding thickness, finite field of view, aspherical surfaces and vary-
ing stop position. In this case, the solution curves become more complicated and
can be solved only numerically [36-29].
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Figure 36-86:  Solutions for the power distribution with corrected astigmatism.
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Figure 36-87:  Solutions for the power distribution with
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Figure 36-88: Values of the residual astigmatism for all possible values of the curvature.

36.9.3
More Complicated Spectacle Shapes

In reality, more complicated requirements are often needed to correct for the combined
defects of an eye. The surfaces must be toric to correct astigmatism or aspheric to
correct defects of higher order. Usually this reduces the field of view considerably.

One particular requirement is a combination of different corrections in different
parts of the lens. This type of spectacle lens uses free-formed surfaces to guarantee
smooth transitions between the different parts. One important case, for example, is a
far-sight vision in the upper zone and a near-sight vision in the lower part of the lens.

Figure 36-89 shows the refractive power of this type of spectacle lens for illustra-
tion. Usually it is not possible to correct for astigmatism and the transition zones as
well. This means that there are regions of the glass which are not usable and do not
permit good vision.

To avoid these large unusable regions of the lens, it is possible to separate defined
areas using different corrections. For example, figure 36-90 shows a spectacle lens
with an inserted part for near vision. The problem with this kind of lenses is a sharp
step at the boundary of the areas. This kink in the surface slope causes a jump in
the field of view. This is illustrated in the figure too.

If the axes of each of the eyes are not aligned, binocular vision can be disturbed.
In this case a prismatic correction can help to align them. This can be done using
regular spectacle glass, which shows a lateral offset. The optical axes of the spectacle
lenses have a distance which is different from the interpupillary distance in this
case.
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Figure 36-89: Regions of a free-formed binocular glass.
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Figure 36-90: Ophthalmic lens with two correction sections.

36.9.4
Contact Lenses

Contact lenses are another means used to correct human vision. In contrast to con-
ventional spactacles, contact lenses are located directly on to the cornea. In reality, a
small tear film is generated by the eye and lies between the plastic lens and the eye
itself. Figure 36-91 shows an eye with a contact lens.

There are two different types of contact lenses. In the first kind, the size of the
glass diameter is smaller than the cornea and only the smaller inner region is
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included in the correction. In the second case, the diameter is larger than the cornea
and the contact glass is also fitted to the outer zones, which are not optically trans-
parent. These lenses, which are of the sclera type, are more secure.

contact
lens
cornea /\
tear
film

Figure 36-91:  Eye with contact lens.

Contact lenses are usually made of plastics with a refractive index of approxi-

mately

n=1.44-1.49. They rest on a thin tear film, which acts as a lens, if the radii

are not perfectly matched. It is absolutely necessary, for the material of the contact

lens to

be biocompatible and remain stable in wet surroundings.

If contact lenses are used for the correction of eye defects, there are some funda-
mental differences in comparison with the use of spectacle lenses.

1.

The lenses are in direct contact with the cornea, therefore there is almost no
additional distance between the refractive power of the cornea and the con-
tact lens.

The inner radius of curvature must be adapted to the cornea radius. There-
fore there is only one degree of freedom to correct the refractive defect. If
astigmatism must be corrected, this can be done very easily by means of a
toric surface.

The contact lens follows the movement of the eye. Therefore, there are no
problems with oblique astigmatism for finite field sizes.

If the contact lens is made of a hard material, the shape remains constant
and the topology of the gap between the glass and the cornea is filled with
tear liquid. This helps to compensate for astigmatic shapes of the cornea and
a corrugated structure of the cornea surface. If the difference in the radii is
too large and the tear gap is too wide, problems occur because the contact
lens can be easily lost.

If the refractive astigmatic difference to be corrected is too large, the contact
lens will be of an uncomfortable shape and thickness. Problems with the
weight occur and the astigmatism at the outer surface is not negligible.



36.9 Correction of Eye Aberrations

Contact lenses, which are set directly upon the cornea, are not only used to correct
the vision of the eye, but also can be used for diagnostic purposes. If a contact lens
is placed onto the eye, there is no total reflection for rays below larger incidence
angles. Furthermore, the rotating position of the eye is fixed. These conditions are
desirable for several observation modes in the ophthalmic diagnostic. There are
some special types of contact lenses, which are used for diagnostic observations. For
example, figure 36-92 shows a Goldman contact lens, which is used to view the cor-
ner of the anterior chamber of the eye [36-12].

corner of
chamber

contact
lens

Figure 36-92:  Eye with a Goldmann contact lens for observation
of the anterior chamber or peripheral zones of the retina.

36.9.5
Intra Ocular Lenses

If an eye suffers from a dense cataract, the eye lens must be removed. There is no
other way to restore vision and transparency in this case. The refractive power of the
lens must now be changed to ensure correct vision. This can be done with an
aphakic contact lens or by inserting a plastic lens inside the eye. These intra ocular
lenses replace the natural eye lens at a fixed refractive power.

There are several possible ways to fix an artificial lens into the eye using small
legs. The relative position of the lens and the iris diaphragm require different solu-
tions in practice. The new lens can be inserted inside the intact residual capsule or
in the anterior chamber or else in the posterior chamber position. The pre-calcula-
tion of the shape of the intra ocular lens is very important. It can be done, for exam-
ple, with the help of the Navarro schematic eye [36-30].
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36.9.6
Corneal Surgery

One possible method of correcting an eye with a wavefront deviation is direct sur-
gery of the corneal front surface [36-27]. This shaping of the cornea topology is criti-
cal, and can only be done within a certain range of refractive aberration. Considering
the remaining mechanical stability of the cornea, corrections in the region of 10 dpt
myopia and 4 dpt hyperopia are possible. The shaping can be performed with an
excimer laser ablation. One advantage of this procedure, which is sometimes called
photorefractive keratectomy or LASIK is the possibility of ensuring a correct centra-
tion of the correction relative to the eye.

A disadvantage of this kind of correction is the non-reversible change in the eye.
Usually the performance of the eye changes with age and therefore the correction
cannot be done once for all time. Furthermore, the physical problems involved in
changing the mechanical stabilization of the eye are critical.

In recent years a special version of the direct surgery of the cornea has been pro-
posed. This technique uses ultra short laser pulses and removes some material from
the cornea inside the finite thickness. This offers the advantage to leaving the sur-
face undamaged.

Since the ablation of the corneal material is not reversible, the pre-calculation of
the necessary correction has to be done with care. The correction can be predicted
by a wavefront measurement of the eye or by using a schematic eye model [36-31].
The necessary correction can be determined by the simple relation

W(r)
n.—1

" 2(r) =

(36-42)

where n.=1.377 is the refractive index of the cornea and r is the transverse radius in
the centered system of the eye. If R; is the initial radius of curvature of the cornea
and Rp the desired value, the equation

“z(r) = /R —1? — R —\/RE—1* + Ry (36-43)

is a first approximation for the geometry. In a more exact consideration, the differ-
ence in the height along the optical axis and normal to the surface must be distin-
guished. It is also possible to incorporate a non-spherical correction with this meth-
od [36-32]. In particular, keratoconus defects can only be treated in this way.
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