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Abstract

The aim of this research is simulate an opticatesysfor the human eye
using Genetic algorithm. The considered opticalrati@ristics of the optical
system simulator include spot size (Z), spot diagrand effective focal length
(EFL). These characteristics are determined with did of some mathematical
relations, which give the efficiency and accuradythee adopted optical system
design. The work has been performed in two stages:

In the first stage, Genetic Algorithem optimizati@®A) is used to get the
best design by optimizing the optical featurs & dye elements. The optimal eye
design was tested using Zemax software, the tektdas estimation of the image
guality, and optimal performance for the proposptical eye system.

The second stage was implementing a specially dpedl software to
simulate the behavior of the human eye. The simulasing visual basic 6 and
works under Windows operating system, it is able ptot the eye design
graphically, and can estimate the considered dpfiozctions to determine the
efficiency of the eye simulator.

The simulator showed agood results for spot sjzet diagram and EFL, the
present work has been gained some credibility wtten considered optical
functions achieved by the simulator are found cdibfewith those achieved by
Zemayx, since the comparison showed a behavioralmmat between them, which
ensure the correct path of the GA based eye desidrihe successful proposed eye

design.
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Chapter One General I ntroduction

Chapter One
General Introduction

1.1 Introduction

Our understanding of the optical system of the isyevolving quite
rapidly due to the combined effort of new experitatmethodologies and
advanced modeling. Optical design plays a cential since this branch of
science and technology deals with finding the lgestbinations of optical
elements to obtain a desired function, with optimpafformance. Optical
testing is also necessary for the verification aalidation of designs. The
study of the optical system of the eye has sintiémj but also remarkable
differences with optical design and testiidgav 09]. The optical design of
the eye is already given by nature (optimizatiomulgh evolution), so its
study can be seen as an inverse engineering protdamravel such design.
Inverse problems are difficult in general and musstsolved by successive
approaches. Each approach consists of (1) sonmgthypothesis based on
previous knowledge; (2) a set of experimental datat (3) a model relating
those data and the hypothékiav 09]. The testing stage (4) compares
model predictions to experimentally assessed dptaformance. To
understand the optical design of the eye we neatklm®@f each component
(cornea, lens) and from that we can construct aeminofl the complete
optical systenfNav 09]. Many reasons exist to model the eye. Some of the
more common reasons include; Clinical optometryht@almic diagnostics
and refractive surgery, Design of intraocular, spele, contact lenses,
Optical instrumentation, bio-optical engineeringjsign research, and
EducationBre 08].
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1.2 Human Eye Structure

The shape of the human eye is spheric of aboutr®®iameter with a
light sensing organ called retina lies on the iedihck surface. The main
body of the eye has to be a sphere so as to beaatéate in its socket. It is
not a perfect sphere in that there is a protuberamcits front that has a
reduced radius of curvature compared to the rereaiafithe eye. A sphere
of this index of refraction will not focus incomimdane waves onto its rear
surface but to a point behind that surffi€éer 04]. The essential part of the
eye, considered as an optical system, is showigumef (1.1) and (1.2)Sae
64]:

Iris
Retina

Lens

Fovea

Pupil Macula

Aqueous

Cornea

Optic nerve
Iris

Sclera )
Vitreous

Figure (1.1): Vertical cross section of the humga[den 81].
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Tris
Hetina
_,-'—"'_'_'_'-'_'-'_'_'_FF
Comea —___ |"
Aqueous ﬁ [
Pupil
Vetreuos

Lens

Figure (1.2): Schematic figure shows the human[ B 09].

1.2.1 Cornea

Cornea is more sharply curved, tough, and traegspanembrangSae
64]. The cornea is first surface of the eye. It iseatension of the sclera,
which is the tough, white outer shell of the eybeTiransparency of the
cornea is facilitated by the regular arrangementhef layers of collagen
fibers that comprise most of the corneal thickn®ssiodic closures of the
eyelid maintain a thin tear film on the cornea’deemal surface, which
ensures a smooth refracting surface. The changes itear film give rise to
scattering and small changes in optical aberratidhe cornea is about 0.5
to 0.6 mmthick at its center, it has a mean refractive indéxabout 1.376
and its first surface has a mean radius of cureaddirabout 6.5 to 7./hm

Combining this with a back surface whose a meaiusad about 6.8nm
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gives the cornea a total focal power of roughhp4@he focal power in
diopters “D" is the inverse of the focal length in metgRpo 09, Ham 08].

Because the cornea accounts for most of the pofvére eye, it is
also a key contributor to aberrations of the eylke Tigh magnitude of
aberrations that might have existed in the corseaduced by virtue of its
conic, rather than spherical shdped 88].

Upon entering the eye at the air-cornea interfatere the refractive
index changes abruptly from (1 to 1.38) light urgbers a significant degree
of bending. The corneal surface provides about B8%he total refractive
power of the eyéPed 88].

1.2.2 Irisand Pupil

Before the pupil, the light must be passing throtiggh Iris. The iris
situated in the aqueous humor, it is a diaphragat fives the eye its
characteristic color and controls the amount ditlidpat enters. The amount
and location of pigment in the iris determine wieetthe eye looks blue,
green, gray, or browjPed 88].

The entrance and exit pupils (images of the irighe object and
image space respectively) have a crucial role iagenand vision quality.
With high lightness (photopic) levels the pupilesis small, thus stopping
peripheral rays, which are typically more aberrateat low lightness levels,
the number of photons is also low and the signaletige ratio decreases due
to quantum noise, then the pupil dilates to inceghe number of recieved
photons. In this way the pupil can balance optidat and noise to obtain an
optimal trade-off between these two major factdfecéing the quality of

vision[Nav 09].
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The pupil adjusting the diameter from a minimunabbut 2nmon a
bright day to a maximum of a boum& under very dark conditiond?ed
88]. The pupil serves two main optical functions. ihhits the amount of
light that reaches the retina, and it alters thmenical aperture of the eye’s
image systemiDon 03].

The effect of aberrations in connection with pgile was quantified
firstly by Campbell; who determined that the pugide that offered the best
lateral resolution was typically between 3 andn# in diameter. Studies

since that time have confirmed this findifigon 03].

1.2.3Eyelens

The crystalline lens is a capsule containing eofis jelly hard at the
center and progressively softer at the outer pastidhe crystalline lens is
held in place by ligaments which attach it to thieaky muscle[Sae 64]. The
human lens contributes with about 1/3 to the tptaler of the eye at zero
diopters of accommodation. The lens power changes strongith
accommodation from about 212Zor the unaccommodated state to above
30D for the fully accommodated lens. Most of this sgyochange is
explained by the change in curvature radii of theslsurfaces under the
action of the ciliary musclg®Nav 09].

The most important optical constants of the lefinhe normal human
eye are the refractive index that is varies betwie883 at the periphery and
1.406 in the nucleus, the radius of curvature iaceaommodated state at
anterior pole is 1im and at posterior pole isn@n the thickness in

unaccommodated state aboutrB6[Bou 61].
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1.2.4 Retina

The retina is the inner layer of the eye. It corgdhe light receptors;
rods and cones thus it serves as the "film" of the eye. The @@taiso has
many interneurons that process the signals arisintpe rods and cones
before passing them back to the brain. The rodscamés arenot at the

surfaceof the retina but lie underneath the layer ofnméeirong Kim 09].

1.2.5 Aqueous and Vitreous Humors

The iris and lens divide the eye into two main chars:
A- The front chamber, which is filled with a watery liquid called the
aqueous humofKim 09]. The aqueous has an average refractive index of
1.336, almost equal to that of sea water 1.333aBsx the refractive indices
of the cornea and aqueous humor are nearly aiite,ddditional bending of
rays occurs as light moves from the cornea intdritr@ chambefPed 88].
B- The rear chamber, also it is filled with a jellylike material caltethe
vitreous humor[Kim 09]. The vitreous humor, a transparent substance,
whose refractive index 1.336 is also close to tfiegea water. The vitreous
humor, essentially structurless, contains smaliglas of cellular debris that
are referred to as floatefiBed 88].

1.3 Published M odels of Human Eye

There are several schematic models for the hurganvaries from
very traditional models to modern ones. One ofrtlwest popular is that of
Gullstrand which is inspired from Helmholtz's ey®del. This model gains
a Nobel prize in 1911. Although this model is rewday accurate, there are

several other models in the literature that hasehene, its own advantages
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depending on the desired applicatip@ar 03]. Figure (1.3) show the
important schematic models in addition to their Bucal specifications.

Helmholtz-Laurace
{1909)
Model (1)
[DeA 07]
[ Surface | Radius(mm) | Thickness(mm) | Refraction index |
1 8 3.6 1.333
2 10 3.6 145
3 -b 15.18 1.333
Gullstrand
{1911)
Model (2)
[DeA 07]
[ Surface | Radiustmm) | Thickness(mm) | Refraction index |
1 T.8 3.0 1330
2 10 3.0 1.413
3 -b 16.97 13306
Emsley
(1946)
Model (3)
[DeA 07]
1 53.55 2.2 1.3333

Figure (1.3): List of the published human eye msdel
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Wareen J. Smith M
w G )
Model (4)
[S‘l“i ﬁﬁ] 1 T.8 0.6 Cornea 4
2 6.4 3 Aqueous it
3 Infinity 0 Eye lens 2.5
4 10.1 4 Aquenus 15
5 -b.1 lo.0 Aquenus 15
i -11 Aqueous i
Blaker
(1983)
T el el Kl Bl B
1 17 0.56 Cornea 411
[Lai I]ﬁ] 2 .8 34 Aqueous 3178
3 10 0.20 Agueous 3
4 10 0.29 Aqueous 2.5
5 1.0 2.5 Eve kens 15
1] 5. 76 0.635 Agueous 15
T -b 16.69 Aqueous 35
[} -11.36431 Aguenus [}
Schwiegerling
{1995)
Model (6)
- —
[I)EA 0 ’] 1 1.8 0.55 0.75 13771
| 2 6.5 305 0.75 1.3374
E 11.0% 4 -3.3 1.42
| 4 -5.72 lo.6 -1.17 1336

Figure (1.3): Continued.
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Liou & Brennan
{1997)
Model (7)
[de Alm 07]
1 1.77 0.5 -0.18 1376
2 6.4 3.16 0.6 1.336
3 12.4 159 -0.94 Grad A
4 Infinity | 243 — Grad P
5 8.1 16.27 0.9 1.336
Crad & = 1 362+0049057 . z - 0015427, =* 0001978, ¥*
Crad P =1407 -00066805. z° -0001978. *
ni A)=n(055 wn)+00512-0.1455. A +00961. A°
Michael D. /{ él\ x
Tocci [
I
(2007) \\ (
Model (8)
1 Infinity 15 1977588
[Toc 07] 2 1.7 0.55 Cornea 5
3 0.4 31 Aqueous 5
4 Infinity 0 Aqueous 1.25
5 12.4 1.59 5
6 Infinity 2,43 5
7 8.1 16.19883 | Aqueous 5
8 12 5

Figure (1.3): Continued.
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Alexander Dobinin & et al

(2008)

Model (9)

[Dob 08]

I

Cornea

6.8

11

Agueos

Infinity

Eve kens

10

-0.54

Aqueous

1.91

2.419

Aqueous

-5.76

0.635

Agueos

| | o] o] | | n ]

i

17.4

Agueous

-11.8

Model (10)
[Sak 08]

Julia A. Sakamoto & et al

(2008)

A

.

Cormea

3.8

6.72

31T

i veous

3.8

Agueous

2.5

10.35

3.oT

Eye lens

1.313163

& ot | G| PR e

-6.28

16.61

Agueous

35

-12

Agueous

i

Figure (1.3): Continued.

It is noticeable that the eye design number 5 doumfigure (1.4)
gains more interest than others, since it contalingptical surfaces found in
the biological eye, although, this model designa¢disictive indices to eye
components that note necessarily correspond tonre@sured values. In
addition, Blacker model treats the cornea as doudleface, which
guarantees a perfect image formation at the refitem, Blackers data was
modified to include dispersion data for the corneas and aqueous to be

similar to water.

10
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1.4 Historical Review

First, Gauss in 1841 established the basic lawst gbvern image
formation properties, many theoretical models haeen proposed later
[Von 0Q].

In the late 1¢h century, Helmholtz undertook a very thorough study
on this subject, and published the now famous cidie “Helmholtz
Treatise on Physiological Optics”. This model wadetl modified by
Laurance and became known as the “Helmholtz-Lagranodel”, which
contains all optical surfaces found in the bioladgeye. Although this model
designates refractive indices to eye components tltd necessarily
correspond to true measure values, its overall gotgs have a close
resemblance to those of the human [@yen 89].

The Swedish Ophthalmologist Allvar Gullstrand doated important
research in the field of physiology, and in 191dereed the Nobel prize for
his work regarding the eye as an optical design.iléViBullstrand’'s
simplified schematic eye treats the cornea asglesmefracting surface, just
as the previous model from Helmholtz-Laurence, ioll€kand’s non-
simplified model the cornea is considered to hawe surfaces, which
guarantees a perfect image formation at the refithough it simplifies the
cornea, the vitreous and the aqueous humor, thteh® especially suitable
for the computation of intraocular lens (IOL) powas it also contains the
anterior and posterior surface of the crystallams[Sch 92].

In 1953, Emsley schematic eye was introduced. thiessimplest eye model
since it contains just a single refractive surfddae to its simplicity, it is
widely used in undergraduate courses in optomeaiphthalmology and

vision sciencg¢San 93].

11



Chapter One General I ntroduction

In 1971, Lotmar was modified the Gullstrands dataniclude dispersion
data for the lens, cornea, and aqueous to be sitalavater. Also, the
anterior cornea surface was modified to be aspheéncl1983, Blaker
presented more convenient model based on Lotmaelfloa 06].

In 1995, Greivenkamp and colleagues proposed anneael containing
four refracting non-spherical surfaces that consideretinal contrast

sensitivity and refraction-limited propertif2ed 98].

1.5 Modern Work

During the last years of 90's decade, an increddneount of
techniques and instrumentation for visual qualiteasurements were
implemented. After this time and up to modern dalys, literatures tend to
orient in more advanced domain. In the followingdetailed explanation
about some important studies in the field of indere

In 1997 Liou and Brennan have proposed an irtiagesodel, which
Is the closest to anatomical, biometric and optdzth as compared to the
physiological eye. Their objective was to develapadel that could be used
to predict visual performance under normal and@dteonditions of the eye,
using empirical values of ocular parameféyip 78].

Pablo Artal et al in 2006 show that the compengaigolarger in the
less optically centered eyes that mostly corresgoniulyperopic eyes. This
suggests a type of mechanism in the eye’s desighishthe most likely
responsible for this compensation. Spherical aberraof the cornea is
partially compensated by that of the lens in mgstse Lateral coma is also
compensated mainly in hyperopic eyes. They fourad tire distribution of

aberrations between the cornea and lens appeadlaw the optical

12
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properties of the eye to be relatively insensitiwevariations arising from
eye growth or exact centration and alignment ofape’s optics relative to
the fovea. These results may suggest the presdrase auto-compensation
mechanism that renders the eye’s optics robustitddsjpge variation in the
ocular shape and geomefArt 06].

Michael D. Tocci attained a Ph.D. in 2007 aftercheated model of a
human eye in ZEMAX using the Liou and Brennan ()98 model. This
is a fairly up-to-date and comprehensive modelhef ¢ye. It accounts for
many realistic factors that other models do nothsas an offset pupil, a
curved retina surface, an inward-pointing eyelzadt a crystalline lens with
two different gradient refractive index profilesn@for the front half and a
second profile for the rear half). After succedgfgenerating this eye model
in ZEMAX, technicians used it to design a free-fopmogressive eyeglass
lens[Toc 07].

Sakamoto et al in 2008 developed a method for estidhpatient-
specific ocular parameters, including surface cumes, conic constants,
tilts, decentrations, thicknesses, refractive iagjand index gradients. The
data consist of the raw detector outputs from anmare Shack-Hartmann
wave front sensors, and the parameters in the edelnare estimated by
maximizing the likelihoodSak 08].

Donnelly W. obtained Ph.D. in 2008 when he develope
commercially available eye modeling system, theaaded human eye
model (AHEM). Two mainstream optical software emgin ZEMAX
(ZEMAX Development Corp.) andSAP (Advanced Systems and Analysis
Program) were used to construct a similar softwaye model and
compared. The method of using the AHEM is descriaed various eye

modeling scenarios are created. These scenarigsstonretinal imaging of
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targets and sources; (optimization capability; spees, contact lens, and
intraocular lens insertion and correction; Zerrskeface deformation on the
cornea; cataract simulation and scattering; a grtdndex lens; a binocular
mode; a retinal implant; system import/export; aagl path exploration)
[Don 08].

Navarro R. in 2009 analyzed and compared the eydelmoto
experimental findings to assess properties and teaby unveil optical
design principles involved in the structure andcfion of the optical system
of the eye. Models and data often show good maitkalso some paradoxes
are found. The optical design seems to correspona Wwide angle lens.
Compared to conventional optical systems, the egsents a poor optical
guality on axis, but a relatively good quality aitis, thus yielding higher
homogeneity for a wide visual field. This seems ihsult of an intriguing
combination of the symmetry design principle wittotal lack of rotational
symmetry, decentrations and misalignments of thiealpsurface$Nav 09].

Einighammer J. et al in 2009 constructed a modainfan eye’s
geometry, including axial length and topographicaswements of the
anterior corneal surface. All optical componentsagiseudophakic eye are
modeled with computer scientific methods. A splbssed interpolation
method efficiently includes data from corneal tomgupic measurements.
The geometrical optical properties, such as theewaont aberration, are
simulated with real ray-tracing using Snell’s la®ptical components can be
calculated using computer scientific optimizationgedures. The geometry
of customized aspherintraocular lenses (IOLs) was calculated for 32seye

and the resulting wave front aberration was ingeséid[Ein 09].
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1.6 Aim of Thesis

The aim of this research is to built a theoreticatudying and
analyzing the optical constituting structure of theman eye. Then,
proposing an optical system for the human eye hassame size, optical
elements, material properties and performance.pftyeosed eye was tested
by the simulation technique, which requires formata digital image in the
simulated retina. This offers the chance to meadhee performance
efficiency in comparison with real life eye. Alseye defects; myopia and

hyperopia and their correction are simulated.

1.7 ThesisOutline

The thesis consists of five chapters; chapter ameaigeneral
introduction about the general topic of the workhéktas the other four
chapters deal with studying the optical systemuwhén eye, its design and

implementation. The following is a brief descriptifor these chapters:

Chapter Two, entitled " Optical-Material Properties of Human Eye"
This chapter presents the theoretical conceptiseobptics related to
human eye. In addition, there is details explamatabout the optical

properties for the material constituting the eye.

Chapter Three, entitled " Algorithm and I mplementation”
This chapter describes the use of the mathematelakionship
employed to achieve the proposed eye design. Aledalgorithm of eye

design and simulation are mentioned in details.
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Chapter Four, entitled " Results Analysis and Simulation”

The results of the design, performance, efficiemryd simulation are
demonstrated in this chapter. Moreover, the armalgsid graph behavior
discussion are presented.

Chapter Five, entitled " Conclusion and Future Work"

In this chapter, some conclusions are driven frdra work and

proposed the work for the future.
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Chapter Two

Optical-Material Properties of Human Eye

2.1 Introduction

This chapter reviews the theoretical conceptsedl&d the human
eye configuration and performance. The optical uleet and material
characteristics of eye elements are shown in detaince they
determined the performance of the eye. The studihefperformance
associated with tracing the rays income from theaildo be seen. Such
that, skew ray tracing is consider in differentesa®f incident angle
variation. The collection of the rays on the retm# constituting a spot
image. The quality of such image is affected by edactors such as;
pupil radius variation, physiological charactedstfield of view, and
even eye movement. Most of the factors affectimgitiiaging process are
considered in details. Also, the most important sneas of image quality

are taken in account to be used in testing thdtezsimage.

2.2 Skew Ray Tracingin Eye
Ray tracing is the numerical method used for dateng the

effective behavior of lenses on the ray. Ray tmcprovides the
geometrical path of light through the lens, andirsef the aberration
content of the image. Optical path values are abthfrom the ray trace
and use for computation of the physical image. @fllthe required
information about clear apertures, tolerances amdge quality is
obtained from computations based upon ray traf8ng 97]. Skew ray
tracing includes all possible rays in the opticgstem; paraxial rays,
meridional rays and skew rays. To define the rath geetween two

surfaces of lens, first the intersection of theegivay with the tangent
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plane is found as shown in Figure (2.1). The z-axtbe optical axis, and
to employ Snell's law of the refraction in termsgdometrical forms, it
has been reformulated a&/{l 72]:

n'L'-nL =ka
nN'M'—nM =kg (2.1)
n'N'—nN =ky
Where
k =n'cosl’'—ncosl (2.2)

WhereL, M, andN are the direction cosines of the incident rays.
f, andy are the components of the unit normal at the erdidThe non-
primed parameters belong to the previous mediuns Method involves
two sets of equation; the first for the transfetwmen spherical surface
and the second for the refractidii] 72].

The equations for transferring skew rays betwe&esgal
surfaces aréWil 72]:

Xy = X4 +ﬁ(d -Z,)

y (2.3)
Yo = Ya +W(d - 2—1)

Where,(x,,y,) are the coordinates of the coming ray , &gdy,) are the

coordinates of the ray intersection with the (¥ign. The ray intersects
the spherical surface in the coordinates are doyewVil 72]:
X=X, +LD
y=Y, +MD (2.4)
z=ND
WhereD is the length of segment from the (x-y) planehe surface;

which is expressed agVil 72]:

D= F

S (2.5)
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WhereF andG are coefficients given byYil 72]:
F=c(X +Y,) (2.6)

G = N —¢(Lx, + My,) (2.7)

Figure (2.1): Geometry and notation for tracingvekay between
spherical surfaceVil 72].

To obtain equation through spherical surface riasded to know
the components of the unit normat,,y) at the point of incidence.

These components can be obtained frigvnl [72]:
_[oz oz oz
ox oy 0z
\/{az}z {az}z {az}z
i +J +{
0Xx oy 0z

Using (2.8) in equation (2.1), the new values @& threctional cosines

(@.B.)) = (2.8)

(after refraction) can be expressed\AsI[72]:
n'L" =nL - Kx
n'M'=nM - Ky (2.9)
N'N'=nN-Kz+n'cosl'—ncosl
Where
K =c(n'cosl’ —ncosl) (2.10)

cosl =+/G? —cF (2.11)
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n'cosl’' = \/(n’)z -n*(L-cos’ 1) (2.12)
Equation (2.9 — 2.12) completes the refraction @ssc Substituting the
direction cosines of equation (2.9) in equationl3®. the transform
process from one surface to another is done. &tieh refraction process
the direction cosines should be checked in ordeas®ert the tracing
validity. This can be done bWel 74]:

(L)*+(M)?+(N)* =1 (2.13)

2.3 Focusingin Eye
In thick lens (as simple optical system), thstfaeind second focal

points, (object and image foch,and F,, can conveniently be measured

from the two vertices. The front and back focalghéss (FFL and BFL)
refers to that the incident and emerged rays waétat points, the focus
of which forms a curved surface that may or may nestde within the
lens, such surface is termed principal plane. Bowitere the principal
plane intersect the optical axis are known as tirecipal points {,and
H,) as shown in figure (2.2). They provide a sets#ful references from

which to measure several of the system paramgteysr4].

Primary
principal
plane

1

First focal
point
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object Second focal

= pOi]’lt

image

Secondary
principal
plane

Figure (2.2): The thick lengaj 74].

The conjugate points relates the object and imagartes ¢ and
s ) are driven in Gaussian form g&a) 74]:

1 1 1
T+ ==
S f

(2.14)

-wn

Wheres, ands are measured from the first and second princilzalgs.

The focal lengthf of a thick lens is reckoned with respect to the
principal planes agZaj 74]:
1 -t

L= —1){R1 & (leR)z } (2.15)

Wheret is the thicknessR is the radius of curvature for the first
surface andR, is the radius of curvature for the second surf&oe.a thin
lenst = 0, and for mirroR, not exist.
In general, the effective focal length (EFL) of@ptical system consist of

lenses and mirrors given piud 69]:

1 1.1 d

LT . (2.16)
EFL f, f, f.f,
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Where f; and f, are the focal length of the first and second @ptic
element, and is the distance between them.

The previous mentioned discussion is exactly ifigng the
optical elements of the eye. It should be mentiothed the defocusing
occurs either due to aberration existence or duéetects (a mostly
physiological reason) affect the eye such a myoptayperopia.

The focusing in the human eye is dynamic, whereeyedens is
capable to reduce or enlarge its radii of curvatwheen see at target
object. This mechanism of the eyelens make exaetsing whether the
viewed object is close or distant. As a result,ffweis on the retina of the
rays coming from close object is same as thatsifdt object, this is due
to the radius of curvature of the eye lens deteedhifor distant object
imaging is greater than that of close object.

In addition, the decrease in the index of refracttarough the
distance from the center to the rim of the eye lsasses to make all the
rays in the paraxial and meridional modes are fed¢ua same point as
shown in figure (2.3). Therefore, there is no spar aberration
happened, but may a residual spherical aberratiat as effective less

tracegHud 69].

meridional ray

 J

paraxial ray /
Optical axis U retinal focus
Eyelens

Figure (2.3): The effect of the refractive indexiagon [Hud 69].

While the muscles are relaxed, the lens assumdiatitsst shape,

providing the least refraction of incident lighysaIn this state, the eye is
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focused on distant objects. When the muscles asetk the shape of the
lens becomes increasingly curved, providing in@dasgfraction of light.
In this "strained" state, the eye is focused orrlmeabjects. The lens is
itself a complex, onion like layered mass of tiskakl intact by an elastic
membrane, due to the rather intricate laminar sirecof fibrous tissue
[Ped 88].

2.4 Eye Defectsand Correction

Common defects of vision are due to incorrect i@hebetween the
various parts of the eye considered as an optysies. A normal eye
forms on the retina an image of an object at ibfinvhen the eye is
relaxed, such eye is called emmetropic. If thepfaint of an eye is not at
infinity, the eye is ametropic. The two simplestnis of ametropia are
myopia and hyperopigSae 64]. In addition, the lens changes with
accommodation and continuously grows with age. dloee, to inter
subject variability, the lens presents huge vaediwith time, both fast
(or short-term, accommodation) and slow (or longrteaging) as shown
in figure (2.4).

P P
Bl i
,Cf‘,’({; }% ;'\jt:a:?:-f \;&

7 years 20 years 27 years 35 years 40 years 50 years 63 years 82 years

Figure (2.4): The variation of the lens curvaturghvage[Nav 09].
2.4.1 Myopia

In the myopic eye, the eyeball is tongan comparison with the

radius of curvature of the cornea, and rays fronolgyect at infinity are
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focused in front of the retina. The most distanjeob (far point) for
which an image will be formed on the retina is timearer than infinity.
On the other hand, the near point of the myopic, eye the
accommodation is normal, is even closer to the tegm is that of a

person with normal vision as shown in figure (259e 64].

RN
—
(a) Nomnal eye (b) Myopic eye
Figure (2.5): Different focusing of normal and myopye[Sae 64].
In order to correct myopic eye, a negative lenstrbasused which

will form an image of such objects, not farthernfrohe eye than the far

point as shown in figure (2.¢pae 64].

. j

Figure (2.6): The correction of the myopic ¢$ae 64].

2.4.2 Hyperopia

In the hyperopic eye, the eyeball is sbort, and the image of an
infinity distant object would be formed behind thetina. By
accommodation, these parallel rays may be madeohwecge on the
retina but, evidently, if the range of accommodati® normal, the near

point will be more distant than that of an emmeit@ye. These defects
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may be stated in a somewhat different way. The meyeye produces too
much convergence in a parallel bundle of rays fomaage to be formed
on the retina; the hyperopic eye, not enough ag/shio figure (2.7)Sae
64].

(a) Normal eye (b) Hyperopic eye

Figure (2.7): Different focusing of normal and hygac eye[Sae 64].

In order to correct the hyperopic eye, (this distams usually
assumed to be 2&mor 10incheg, a positive lens of 26m focal length
(or 10inches normal distance) is placed in the front of the d¢yat it
forms an image of the object, at the near pointsTitme function of the
lens is not to make the object appear larger, dime@bject and its image
subtend equal angles at the lens, but in effentdee the object farther a
way from the eye to a point where a sharp retmalge can be formed, as
shown in figure (2.8)Sae 64].

»

L 3

Figure (2.8): The correction of the hyperopic gSae 64].

25



Chapter Two Optical-Material Propertiesof Human Eye

2.4.3 Correction Estimation

Because of the distance between the correctiondedghe eye is
very small in comparison with the object distanibeth the correction
lens and the eye are regarded contact, such thdodal length for two

thin lenses in contact is given as:

1.1 1
11,1 2.17
PO, (2.17)

This means that the combined pow®) (s the sum of the individual
powers:

P=PR+P, (2.18)
To compute the powerr() of the correction lens, one can imagine that
the double convex (or double concave) correctios ks being composed
of two planer-convex (or planer concave) lensestimate contact back

to back, as showing in figure (2.9):

Figure (2.9): The two imaginary parts of the coti@ctlens.

The power of each planer convex (or planer concéamr is achieved
from equation (2.15), thus for the first planer wex (or planer concave)

lens R, = ).

Py = (nF;l) (2.19)

While for the secondR =)
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n-1

P.=
22 RZ

(2.20)

As a result, the power of the correction lens & $bhm of both its parts,
l.e.
P,=P,+P, (2.21)

2.5 Factors Affecting Vision Quality
There are many factors affecting on the image tyasiome of

them are introduced in the followiriglam 08]:

2.5.1 Pupil Variation

The pupil is the important element that is affegtithe vision
quality because it controls the magnitude of tharination entering the
eye, this is due to the variation in the point sgréunction (PSF), more

details are explained in the following:

A- Pupil Diameter versus | llumination

lllumination is the major reason to vary the pufilmeter when
light enters the eye through the pupil, the braigufates the amount of
light that enters the eye by constricting or digtihe pupil of the eye.
When the pupil becomes small in bright light sitoias, it allows less
light into the eye to protect the sensitive eyevasrand also to improve
the vision. In darker situations the brain order plupil to be dilated, this
allows more light to enter the eye, thus allowirgjtér vision in lower
light settingqd Ste 09].

Figure (2.10) illustrates the manner in which tiee ©f a normal
pupil varies with the field brightness. One canentitat the range of
pupillary diameter is only about fotwld over a range of brightness from
107 to 10° candles/m which is 100,000fold. In account of the
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relatively enormous variation in light entering thge, the compensation
by the change in size of the pupil is not enoughmtike best vision.
Therefore, the receptive mechanism of the retimagoable to adapt itself
to large differences in quantity of ligffsae 64].

Diameter of the pupil ( 772 )
= S S - T - -
4

10° 10* 107 1 10

Field luminance (carndelain’)

2z

Figure (2.10): Pupillary diameter as a functiorielid luminance
(brightness] Sae 64].

B- Point Spread Function versus Pupil Diameter

Due to the variation of the pupil as a responsi#lwhination, the
point spread function (PSF) is frequently affectBayleigh resolution
criterion states that for a diffraction limited s, two point sources can
just be resolved if the peak of the image of oas 6n the first minimum
of the other as illustrated in Figure (2.11). THistance is effectively
equal to the width of the diffraction-limited int&ty point spread
function (PSF) that given QyH1am 08]

122

PSFun = e (2.22)

0

28



Chapter Two Optical-Material Propertiesof Human Eye

Where 1 is the wavelengtH,is the focal lengthn is the refractive index

and D, is the pupil diameter. Hence, for a fixed wavelénghe larger the

pupil the smaller the width of the PSF and the arghe resolution.

FWHM of PSF §

——

Minimum separation to be resolved
as two separate sources

Figure (2.11): Rayleigh resolution criterifidam 08].

Figure (2.12) shows how the width of the PSF wamath pupil
diameterD, taking Aas 550nm f as 22.Znmandn as 1.33. The cone
photoreceptors (which provide a color vision) aepagated by around
2mm at the fovea this interpret why the vision in fovisagray not
colored. In general, for a diffraction limited thge, the pupil needs to be
greater than 5rimin diameter to make resolved image. Studies have
shown that the eye approaches the diffraction liamit pupil diameter of
around 3nm else greater thann@n the image quality is limited by

aberrationgHam 08].
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=

i 45}
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Spacing & diameter of
foveal cones
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1 i i '
2 3 5 6 7 8
Actual diffraction Pupil diameter (1)
limit of eye

Figure (2.12): Variation in the width of the PSRiwpupil diameter
[Ham 08].

2.5.2 Physiological Characteristics
The rods and conesare photoreceptor cells located in the retina

used to transduce light into electrical signals.adRtand-white
transduction occurs in the rod shaped receptoid,cator transduction
occurs largely in the cone shaped receptors. Therted retina vision
system requires light to first pass through thenear then through the
anterior chamber filled with aqueous fluid, andt,ldke lens, and the
vitreous humor. Before reaching the retina, théatligasses through the
inner retina’s cell layers (which contain a denseaya of neural
processing cells) and on past the rods and congkituneaches the
posterior (distal) end of these cells, whereintle so-called outer cell
segments. The outer cell segments contain the puaptors, light-
sensitive structures including tpbotopigmentwhere the transduction of

light into receptor potentials occurs. The photopegt family of proteins
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undergoes physical changes when they absorb lighrgg. The principal
photopigment, opsin glycoprotein, is a derivatiferetinal (a modified
vitamin A molecule). Rods contain a single photopegt type called
rhodopsin (rhodo meaningse and opsis meaningision). The cones
contain one of three different kinds of photopigtsecalled iodopsins,
namelyerythrolabe(most sensitive to redghlorolabe(most sensitive to
green) andcyanolabe (most sensitive to blue). Vision functions by
changes in the retina photopigments molecule cabgdijht [Ber 09].
The molecule has a bent shapes<{etinal ) in darkness, and when it
absorbs light, isomerization occurs, causing thdéeouwbe to form the
“straight” form ¢rans-retina). This causes several unstable intermediate
chemicals to form, and, after about a minute, ttesretinal form
completely separates from opsin, causing the phgtognt to appear
colorless (for this reason tipeocess is called bleaching). In order for the
rods and cones to again function for vision, rétmast be converted
from the trans back to thecis form. This resynthesis process, called
regeneration, requires that the retina pigmentepium (RPE) cells be

located next to the rod and cone outer segnj@&ws09].

2.5.3 Field of View

Field of view refers to the maximum angle betwé®an directions
of two sources that can still be seen at the same. tFor example,
consider the ubiquitous tiger and tree combinatidme images of these

two items would fall on your retina as shown irufig (2.13):

First object N /Second image

—First image
Second object

Figure (2.13): The image of the two objejd{er 04].
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Drawing the central rays for the light from thews tsources gives the

following diagram.

Optical Center N

z'/

‘-— 17 mm—

Figure (2.14): The optical centdfer 04].

The rays are drawn through the "optic center" efdlie, (which is
the point through which all the central rays pasgrogressing through to
the retina as shown in figure (2.14)). Becauséhefrefractive properties
of the protuberance and of the inner parts of e eptical center is not
exactly at the entrance of the eye but inside anhtvfrom the retina. In
fact, a relatively small angle for the eye to covére retina on each eye
can cover an angle of about 120 degreesd@&greeson either side of
central vision. If it weren't for the nose, whidmits the FOV of each eye
to about 45degreeson the nose side, as shown in the figure (2.1&)he
eye would therefore have a FOV of 1@8greesHowever, this full field

of 120degreess only achievable with two eygK er 04].

right eye

left eye

Figure (2.15): The effect of the nose on the fafldiew [Ker 04].
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While the eye has a large FOV, it would make ameexély poor
camera. This is because in its whole FOV therenily one very small
region at its exact center where the view is cl&hrs region is called the
“fovea" and it is only about 0.&xamin diameter. In a slice through the
retina it is seen to be a slight depression. Bexafions shape, vision
from the side becomes more magnified. Each of tlveses sends its
pulses directly into the neural network within tieéina. It seems that this
Is the reason for the depression of the foveaiveldb the surrounding
retina. The sensing surfaces have to be closeetdathretina wall, each
cone is only about Pmin diameter at their receptor end. Although they
are very small, their size puts a limit on the dékeat can be seen in any
object in front of the eye. If that object is atcamfortable viewing
distance of 250nm than the smallest dot that can be seen as aatepar
entity in that object would be one that subtendsragle g at the eye that
Is the same as that subtended by one cone of Wlea.fglts image would
just cover the receptor surface of one of the cojkear 04].

Since the fovea (the point on the retina have @agls without
rods) is 17mmfrom the optic center of the eye, one cone wilitend an
angle of

_ 2x10°®
17x10°3

= 6.8x107° degree

A dot which subtends this angle at a distance 58f i2m has a
diameterd given by

4 o410
0.25

d =3x10° m = 003 mm
The fovea only has a diameter of about /@ or 200um. Thus

the angle of clear vision is only about 100 timeest tof the resolution, or
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about 12mrad At a reading distance of 2%0mthis is a spot diameter of
3mm[Ker 04].

2.5.4 Eye Movement

Movements of the eyes are of significance in refatio visual
optics from two major points of view. First, sinceth optical and neural
performances are optimal on the visual axis, the @®pvement system
must be capable of rapidly directing the eyes s the images of the
detail of interest fall on the central foveas ofttb@yes where visual
acuity is highest @jaze shiftingeading tofixation ). A scene is explored
through a series of such fixational movements ftieiknt points within
the field. Second, the system must be capable oftamaing the images
on the two foveas both when the object is fixegpace gaze holding)
and, ideally, when it is moving. Any lateral movarhef the images with
respect to the retina is likely to result in deg@disual performance, due
to the limited temporal resolution of the visuab®m and the fall-off in
acuity with distance from the central fo\i&as 95].

These challenges to the eye movement control myate further
complicated by the fact that the eyes are moumtedhiat is, in general, a
moving rather than a stationary head. Movementthefeyes therefore
need to be linked to information derived from thestibular system or
labyrinth of the inner ear, which signals rotatioreand translation
accelerations of the head. The compensatestibulo-ocular responses
take place automatically (i.e., they are reflex sments) whereas the
fixational changes required to foveate a new obpeint are voluntary
responses. Details of the subtle physiological meidm which have

evolved to meet these requirements will be fousdwherdgBas 95].
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2.6 Image Quality M easurements

The image quality are measured by many optical tians, the

most interest ones are discussed in the following :

2.6.1 Resolution versus Point Spread Function (PSF)

An optical system is said to be able to resolve pwmt sources if
the corresponding diffraction patterns are suffidiesmall or sufficiently
separated to be distinguished.

Lord Rayleigh concluded that two equally brightirposources
could just be resolved by an optical system ifdaetral maximum of the
diffraction pattern of one source coincided witlke first minimum of the
other. This is equivalent to the condition that thstance between the
centers of the patterns shall equal the radiushefdentral disc. The
Rayleigh limit of resolution is illustrated in figel (2.16)[Sae 64]:

/QH I/\ﬂ
7O, | Uj i W }J A

Figure (2.16): Intensity distribution in the difbtgon pattern$Sae 64].

The diffraction patterns at the left are separéted distance much
greater than the radius of the central disc, apcckrarly resolvable. The
distance between the centers of the patterns atighe is very nearly
equal to the radius of the central disc and evigegiitthis distance were
any less, the patterns would overlap to such aanéxhat they could not
be distinguished as two. Although the diameterhaf pupil of the eye

varies with the level of illumination, it is custamy in calculation of its
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limit of resolution to assume a puapillary diamet€2 mm or a radius

D/2 of 1mm Let us assume a wavelengthof 550nm, to which the eye

IS most sensitive. Objects viewed with the unaigged are in air, so
n=100. At the minimum reading distance of && (or 250mm), the sine
of the half-angleuof light admitted by the eye is very nearly

nsinu = NA (2.23)

Where NA:DL/2 , Is the numerical aperture.

nsinu = i =0.004
25C

sinen =1, the maximum numerical aperture of the eye is
NA=0.004
Hence according to the Rayleigh criterion, thedmseparation of
two just resolvable point objects at a distanc@6fcm) is [Sae 64]:

0814,

o (2.24)

_ 061x550%x107"
0.004

= 6.6x103cm

1
=-—mm
10

Where z is the linear distance, This separation is gag@éement
with the actual limit of resolution of a normal g\gae 64].

Geometrical optics predicts that the image of anfpproduced by
an image forming optical system is a point; sucttey is ideal and the
point separation represented by delta functiorhaw/s in figure (2.17-a).
Thus, PSF for a normalized illumination given a$oflgs

PSF=1 atthecenter
PSF=0 otherwist

In the perfect optical system, the PSF is ey disc, which is the

Fraunhofer diffraction pattern for a circular pufié. there are diffraction
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rings centered at the image plane) as shown inrdig@.17-b) this

description is identifying the emmetropic gy#il 72].

The image looks clear and well resolved since thadce between each
two photorecievers (rods or cons) in retina is l#smn the resolution
conditional distance determined by Rayleigh criteriln the case of
ametropic eye, PSF seems to be a small blurredwafomore separation
width, the formed image of such PSF looks smoo#rat bluer due to

defocusing. Thus the average PSF is taken intouatcavhich by the

way lead to less image resolutipiil 72].

|

PSF

(a) Ideal system

(c) Ametropic Eye

Figure (2.17): PSF of ideal system, emmetropicamdtropic eye
[Wil 72].
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2.6.2 Contrast and Modulation Transfer Function (MTF)
The term contrast is usually refers to the rangeeabgnizable
shads of gray (or colors) between the dimmest aightest parts of an

object or image. The contrast C is defined Wil 89]:
C = (Wmax _Wmin )/ (vaax +Wmin) (225)

where w,_and W, is the maximum and minimum flux density in the

pictureor field respectively. Because of the resemblaric¢his definition
to that of amplitude modulation in communicatioedhy, C is sometimes
referred to as modulation contrast.

In a given optical system, the optical transferis a function of

spatial frequency and is usually presented asteagkinst a frequency on
the abscissa; the modulus of this function is daltee modulation
transfer function MTF. When this magnitude functisnabetted by a
corresponding phase function, specifying the redaphase angle as a
function of frequency, the combination is calleck thptical transfer
function OTF. The phase part of the combination is the phamester
function PTF. To express magnitude and phase simultaneougy) i
Is put in complex fornfWil 89]:

OTF(w) =T (w) expli ¢(w)]. (2.26)
in which T is theMTF and¢ is the phase difference.

The resolution and contrast of an optical systersigihecan be
characterized by the modulation transfer functiomhich is a
measurement of the system design ability to transbatrast from the
spatial domain into the frequency domain at a $jgecesolution.
Computation of MTF is a mechanism that is ofteriagd by optical
manufactures to incorporate resolution and contdasé into a single
specificationWil 89]. The MTF curve has different meanings according

to the corresponding frequency. Its height at fesgues of (1.5
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cycles/degree represents the contrast behavior of the optigakesn
[DeA 07].

Frequencies in the gap of 3 to 12 or higtyrles/degreeepresent
the sharpness-ability of a lens. MTF readings takiet?2 cycles/degree
indicate how good a lens can transmit very finedtires. For an optimal
guality based on the human eye, the lens shouldmperover 50% at 6
cycles/degreePerceived image sharpness is more closely retatéde
spatial frequency where MTF is 50% (0.5), wheretiast has dropped
by half. Typical 50% MTF frequencies are in theimity of 12 to 24
cycles/degreefor individual components and often as low as 9
cycles/degredor entire imaging systenf®eA 07]. Figure (2.18) shows

the MTFs of the emmetropic and ametropic eyes.

1

.% 0.80 emmetropic
E LY
B
E 0.60f
Z
=
=
2 0.40
= ametropic
= .
E 0.20F -
=

0 L 1 L

0 100 200 300 400 500

Spatial frequency (cycle/degree)

Figure (2.18): MTFs of emmetropic, and ametropiesgipeA 07] .
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2.6.3 Spot Size and Spot Diagram

When a system of rays originally at a single objpoint is
constructed, so that the rays are uniformly distedd over the entrance
pupil, the plot of their consequent intersectionthwhe image plane is
called aspot diagram The size of spot diagram shows to extent of the
energy distribution and the shape is due to the tfpaberration. When
the spot diagram has been reduced to a size cobtparmathat of the
central fringes in a diffraction pattern, ray theoauses to be as useful as
wave theory Wil 89].

Practically, the accumulation of the rays at thage plane follow
Gaussian distributiortaking into account the image point shift duehe t
diffraction. Thus, the image spot consists of risgsrounded the bright
central spot as shown in figure (2.19a) for emnpmtreye. Whereas, the
spot diagram for the ametropic eye is same in sbapéarger in size, as
shown in figure (2.19QFun 04].

(a) Emmetropic eye (b) Ammtropic eye
Figure (2.19): Spot distributigrrun 04].

The spot sizeZ) is an important parameter since it determines the
optical system efficiency. Theoretically the follmg relationship gives

the size of the spot formed by a single lens urdi#raction limited
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condition. The diameter of the first dark ring detAiry rings is given
by:
Z = 244A(f Ino) (2.27)

fIno=— (2.28)

Do
where f is the effective focal length, anD, is the diameter of the
aperture. The effective diameter of the blur is bal of equation (2.22)
in micrometer.
Practically, some modifications should be imposed eguation
(2.22) to compute spot size formed by the eye. mbdification includes
adding the spherical aberration term. Hence, the sf the spot formed

by the eye can be calculated from the followingagiun [Sco 59].
Af

Zr =2.44A(f Ino)+ 2.29
T ( ) (T /o) (2.29)
whereA is a constant given by the following expressisco[59]:
2
A= n+2 R2_4(n+1)R+3n+2+ n (2.30)
n(n-1)° n(n-1) N (n-1)°
and R=*R (2.31)
R,-R,

whereR; R; are the radii of the lenandn being the refractive index of

the last lens in the optical systeB8nii 66].

2.7 Material Propertiesof Human Eye

The optics of the eye are not completely transpgaaenoss the
range of visible wavelengths. Even though almdseal light incident on
the cornea reaches the retina, a significant fsactf light toward the
blue end of the spectrum does not, and the amotidiglat that is
absorbed changes dramatically as the eye ages.ofAthe optical

components, including the aqueous and vitreousagattand-pass filters
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in the human eye. But the cornea and the vitreavy lbandwidths that
essentially exceed the visible spectrum. The lenghe other hand, has
significant absorption at the blue end of the Jesigpectrum, cutting off

most of the light below 400m[Roo 09].

2.7.1 Refractive Index and Dispersion Coefficient
The velocity of propagation of light wave in vacuum
approximately 3x10°m/s In other media the velocity is less than in

vacuum. The ratio of the velocity in vacuum to tedocity in medium is
called the index of refraction of that medign).

e (2.32)
V

wherec is the velocity of light in vacuum andis the velocity of light in
medium[Smi 08]. The index of refraction of an optical materialtiea

with wavelength as indicated in figure (2.28)ni 66]:
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Figure (2.20): The variation of index of refractimith wavelength
[Smi 66].

Because the index of refraction of the lens is @.4Q 0.5876.m)
in the central portion and reduces to 1.386 attlge of the lens, a radial
gradient formula was used for this, listed as eyelm the above lens
prescription. A photopic wavelength and weightingere used. The

equation to account for dispersion in Eyelent. & 06]
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N,, = 1.406-0.034x107° A? (2.33)
where A is in nanometers.

Since the refractive index for the vitreous matefietween the
lens and the retina) is nearly the same as thateaet the cornea and the
lens, aqueous data was used for both materialsréfhactive index for
the cornea and the aqueous was fitted using a @piioamula[Lai 06]
(the Conrady equation is empirical and designeddiatical glass in
visible region)Smi 08]:

N =N, +§+T§5 (2.34)

WhereN, A, andB are the dispersion coefficients.

The variation in index with wavelength is calle@girsion; when
used as a differential it is writtetn, otherwise dispersion is given by
An=n, -n,,, where A, and A, are the wavelength of the two colors of
light for which the dispersion is giveRRelativedispersion is given by
An/(n-1) and, in effect, expresses the "spread" of th&rsof light as a

fraction of the amount that light of a medium wargjth is bent. Figure
(2.21) shows the dispersion of the white light bedw two surfaces
[Smi 08]. For the human eye the magnitude of the dispersoafficient
Is given in table (2-1):

Table (2-1): The magnitude of the dispersion coedfit of the eyé¢L ai 06].

Material No A B
Aqueous 1.32420 0.0048714 0.00054201
Cornea 1.26536 0.0883011 | -0.00616611

This yields a value of 1.336 at 0.58{é for the aqueous and 1.376 for
the cornedlL ai 06].
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VBGYOR

Figure (2.21): The dispersion of the white lightvseen two surfaces
(Violet, Blue, Green, Yellow, Orange, Rg&@mi 08].

2.7.2 Transmittance and Density

Boettner and Wolters published a comprehensivdysuf the
contributions of light components by directly measg spectral
transmission of freshly enucleated donor eyes. ITiesiults may suffer
from postmortem artifacts, but the graph is repoeduas shown in
Figure (2.22) because the data are presented inf@amative way that
illustrates the lens contribution relative to theey components and the
cumulative effect of the absorbing tissue. The dirmace of blue light in
the crystalline lens is commonly referred to aglfgwing” of the human
lens. This yellowing of the lens increases dramadlficas it ages
[Roo 09].

The lens optical density toward the blue wavelesgicreases by
about 0.1 to 0.1%0g units per decadeprovided that we assume that
components other than the lens change little asabe. Accelerations in

this rate have been found for eyes over age 60itam@roposed that this
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increase is due to the prevalence of cataractanage group. When eyes
that had cataract were excluded from the studyag found that a linear
increase in optical density versus age was maiedkifihe optical density
of the lens is highly variable. The optical den$dyany given age group

might span 0.80g unitsor more[Roo 09].

100 T T T T I N L T L L

80 —

60 —

40 —

Percent transmittance

20 —

3 Vitreous
4 Retina

1 Aqueocus
2 Lens

1 1 1 L | L ] P T i
300 400 500 6800 800 1000 1200 1600 2000

Wavelength (tm)

Figure (2.22): Total transmittance at the variooteaor surfaces
[Roo 09].

The reflection (R) of the two medium is given by

_ (n'-n)?
(n' +n)?

(2.35)

Where,nandn’ are the refractive indices of the two media.
The transmission of the first surface (attachediton'=1) is given (from
equation 2-30) adroo 09]:

_(n-)% _ 4n

T=1-R=1 5 = 5
(n+1 (n+1)

(2.36)

Now the light transmitted through the first surfgcernea) is partially
transmitted by the medium and goes on to the sesorfdce, where it is
partly reflected and partly transmitted. The re®eicportion passes (back)
through the medium and is partly reflected andlparansmitted by the
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first surface, and so on. The resulting transmissian be expressed as
the infinite serie$Smi 66]:

T, =TT, (K+K'RR, +K*(RR,)" +K'(RR,) +....:m (2.37)

whereT, andT, are the transmissions of the two surfadgsand R are
the reflectances of the surfaces, ands the transmittance of the medium
between them. (This equation can also be used terrdme the

transmission of two or more elements, e.qg. flatgsiaby finding firstr,,,
then usingr,, andT, together and so on.)

If we setT, =T, =4n/ (n+1)* from equation (2.31) in to equation
(2-32), and assume that=1, we find that the transmission, including all
internal reflections, of a completely non-absorbipigte is given by
[Smi 66]:

2n

Similarly, the reflection is given bysmi 66]:
R=1-T=(N"D° (2.39)

(n® +1)
Is should be emphasized that the transmissionneéterial, being
wavelength dependent, may not be treated as aesimyhber over any
appreciable wavelength interval. For example, sappbat the filter is
found to transmit 45% of the incident energy betw&end 2 microns. It
cannot be assumed that the transmission of two Bitets in series will
be 0.45x 0.45 = 20% unless they have a uniform spectralstrassion
(neutral density). To take an extreme examplehd filter transmits
nothing from 1 to 1.5 microns and 90% from 1.5 tamitrons, its
"average" transmission will be 45%. However, twls filters, when

combined, will transmit zero from 1 to 1.5 microasd about 81% from
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1.5 to 2 microns, for an "average" transmissioalodut 40%, rather than
the 20% which two neutral density filters wouldnsanit[ Smi 66].

The density of a filter is the log of its opacitye reciprocal of
transmittance), thusSmi 66]:

D= Iog% (2.40)

where D is the density and is the transmittance of the material. Note
that transmittance does not include surface refledosses; thus, density
is directly proportional to thickness. To a faipamximation, the density
of a "stack" of filters is the sum of the individwkensitied Smi 66].
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Chapter Three
Modeling and Algorithms

3.1 Introduction

The human eye is a fantastic configuration of optidahents that
adapted optical features to fit different situatmfnmaging process. The
eye make auto-focusing according to the distantkeo¥isual object, and
it decreases or increases the pupil size (apertaceprding to the
illumination of the visual object, and so on otkeynderful operations.
These operations cannot be found in a man-madeabystem, since
they depend on a special material characteristios éxample; the
variation of the refractive index with the radiddloe eyelens). Therefore,
the eye gains a special importance that necesstiatlying the behavior
of such optical system and then put forward a nm#teal model to
describe the different behavior of the eye corradpt to different
situations of imaging, which prepare to the desigmstage. The defects
of the eye also taken in mind through the modedind designingln this
chapter the optimal design for the human eye mbéished based on the
genetic algorithm. The eye is assumed to be censikttwo optical
elements: cornea and eyelens, whereas the remaiomgnts are just a
supplements for these optical elements. The optieyad design is
obtained by genetic algorithm with some restrictiorelated to the

determination of the generic structure of the eye.

3.2 Genetic Algorithm (GA)

Genetic algorithm is an efficient search algorittimt simulates
the adaptive evaluation process of natural sydtemas been successfully

applied to many complex problems such as time sdhegoptimization
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and traveling salesman problems. The GAs havéollmving elements
and operatorfDaw 08]:

1- Random generation
This process involve generate many of the chromesofor the
next sted Daw 08].

2- Objective computation

The key element in GAs is the selection of a fignsction that
accurately quantifies the quality of candidate 8ohs; a good fithess
function enables the chromosomes to effectivelyesal specific problem
[Daw 08].

3- Selection

Another key element of GAs is the selection operatach is used
to select chromosomes (called parents) for matngrder to generate
new chromosomes (called offspring). In addition,Seéection operator
can be used to select elitist individuals. The &&la process is usually
biased toward fitter chromosomidaw 08].

4- Crossover (Regeneration)

Crossover is "the main explorative in GAs". Crog&gooccurs with
a user-specified probability; called the crossowerbability Pc. Pc is
problem dependent with typical values in the radgeand 0.§Daw 08].

5- Mutation
Mutation is performed after crossover by randomhpasing a
chromosome in the new generation to mutate. We thedomly choose

a point to mutate and switch that pdibaw 08].
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Start
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Generate random
population

'

Calculate probabilities
from the objective

v

select individual into
new population

'

Crossover

|

Mutation

Mo ¢ Tes

Figure (3.1): Block diagram shows the general geradgorithm
[Daw 08].

M Tterations

3.3 Genetic Algorithm based Eye Design

Genetic algorithm (GA) is employed to find out (dgsng) optical
system of human eye, with determining its optiozhtéires for each
element. The proposed approach assumes that the eyesisting of just
two optical elements; cornea and eyelens. The r@ntaparts are: pupil
which is just a stop link between them, aqueous watrdous are the

50



Chapter Three Moddling and Algorithms

media in which the ray translated, and retina ser@en that presents the
image. Literatures refer to that the index of refia is approximately
taking same value in different human eye; such ithiast assumed to be
fixed at its given average values, whereas othearmpeters (such as
radius of curvatur®, thicknesg, distance between thedjand diameter
D) are assumed to be variable and their values eaoptimized to
achieve the fit focusing situation. Table (3-1)gmmets all the components
of the human eye; fixed (f) and variable (v), adog to the proposed

approach.

Table (3-1) shows the fixed (f) and variable (vigraeters of optical
element.

The process of applying the GA on the assumed egded first to
govern the path of the algorithm to be in the adrréirection. This
requires assuming two important processEsst, determining the
variable optical parameters in the eye and thetmgethe minimum and
maximum limits for such paramete&econd, finding out a proper fitness
functions to measure the competence of the resaitedlesign.

In GA implementation, each optical design is asslite be an
individual chromosome consists of a set of genpeesenting the optical
parametersiky, R, D, d, t, n,, n;, andn,. The collection of individuals is
the population sizeP) of each generation. The genes of each individual
in the first generation are chosen randomly from thnge of varying
each parameter (between the minimum and maximuroesal The

second generation is given birth by crossover tlst bndividual
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chromosomes found in the first generation, bestviddal is chosen
according to assumed objective function. Thus,sé@nd generation is
mostly better than the first one, also the thirdegation is better than the
second, and so on even achieving the last generdti® last generation
consists 0P individual chromosomes (eye design). The way @iapg
the GA approach till achieving the optimum desigjclearly explained in

the following sub sections:

3.3.1 Gene Restrictions

In order to make the cornea is always positive f{soars) with
actual size, some restrictions it must be put f@ tandom generation
routine. Not the cornea only, but all the optideheents in the eye should
be restricted. Therefore, it is necessary to deterrthe minimum and
maximum limits for each gene to be a predefinedrmftion input the
random generation routine. Thereby, genes in tisé deneration will be
chosen randomly from their range between the mimnma maximum
limits. Gene values are taken with single precisiigal number). The
following table shows the predefined information thle considered

restriction parameters.
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Table (3-2) Information table: suggested restricpparameters.

Optical Gene | Minlimit | Max limit
element (mm (mm)
R, 6.2 7.7
R, 6.5 7.8
T 0.5 0.8
Cornea D 8 84
(aspheric)  d 3.2 3.6
No 1 1
N1 1.376 1.376
N, 1.333 1.333
Ri 7.1 7.8
R, -5 -6
T 2.5 2.6
Eyelens D 7 7.8
d 16.425 16.645
Ny 1.333 1.333
N, 1.38 1.402
N, 1.336 1.336

3.3.2 Eye Design Optimization

The variety of the refractive index of the eyelshsuld be fitted
by a behavioral description model. Since there jas¢ two available
values from literatures (1.406 at the center ofaye lens, and 1.38 at its

rim), this necessitate the fitting to be lineaf@kws:

1

1, =1.38

& o

1n

_ =1.402

Figure (3.2): Eyelens.
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1.402

lens

1.38¢

Figure (3.3): Fitting of refractive index of eyeten
Nens = &1, +b (3.1)
By substitute the given values gfand its corresponding,,., we get the

following two equations:
1.402=a(0) +b (3.2)

138= a(g) +b (3.3)

Using Grammer method, one can solve the above esumtions as

follows:
‘1.406 i‘
1. -
_[1380 1 _1406-1380_ 022 _ _0,00628
0 0-35 -35
35
‘ 0 1.4oj
35 1380 -
b= _ 4.907=1.402
0 -35
35

Substitute the values of the coefficients a anal éguation (B.1).

Nens = —0.00628 , +1.402 (3.4)
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Nens = —0.00628r , +1.4062 (3.5)

Equation (3.5) describes the positional dependehtye refractive index
(neng Of the eye lens as a function of the distamgef(om its center.
Later, it is very important in this stage to choasproper optical
objective function. The correct choice will leadfast getting accurate
results. In the present work, two optical fithees ¢bjective together)
functions are chosen: The first is tHeFL, which measures the
performance efficiency for the optical system (&or emmtropic eye;
EFL~16.63nm. The second fitness function is the spot siZe Which
describe the image quality consisting by each iddi@ design (for
emmtropic eyeZ.~5um). Therefore, the use of these two fitness function
will govern the path of improving the eye design terms of the
performance and imaging. Algorithm (3.1) shows taitked explanation

about the steps of implementing the GA for agiveman eye design:
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Algorithm (3.1): GA implementation to find the optimal eye design.

1. Determine; the population size JPnumber of generations (§;
and probability of mutation (B).

2. For each gene specify; the minimum (p)imand maximum (May)
limits of each gene.

3. Input the spot size (Ze) and the effective focagtle (EFL;) of
emmetropic eye.

4. Initialization: generate (B random individual chromosomes (eye
design).

5. For each individual, compute the spot size (Z) afféctive foca
length (EFL), and then compute the objective famct{Fn),
Fu=|ZeZ|+|EFL-EFL].

6. Scan all individuals to find the best one (mininfeyn

7. Select two individuals randomly, and chose the {iastbest hav

D

Fn is less than that of others) for the next steptingd.

8. Crossover any two randomly chosen individuals. Thessover
process is just swapping half the genes (randoimbgen) between
chosen individuals for mating.

9. Get P to be randomly selected between (0-1) igpthbability of
mutate current generation. If PsPthen do mutation else no
mutation to do. The mutation is changing only oraeyin same
individual to take a random value from the rangé®¥ariety.

10.f the optimal chromosome is achieved then stgge bhack to step
5.

3.4 Skew Ray Tracing
The skew ray tracing is a behavioral geometricacdption based

on the mathematical analysis for the ray paths fiteenobject even at the
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image passing through all the optical elementh@dye. Such that, ray
tracing requires 8-D computations related to the ray behavior through a
sequence of material as mathematically describéukeiprevious chapter.
Actually, such computations are needed to be gcafiiziexplained in
order to visually note the tracing of the rays &melr behaviors. Th8-D
computer aided graphics of the rays needs to deterawview point to be
inclined with a specific angle from the playez, x-z, and x-y. Best
position of the view point gives the chance for tiserver to see all the
behavioral details of the skew rays. The adopteflesnof the view point
are +30, -3C°, and 0, respectively, whereas the adopted position of the
view point is same as that of the cornea with sshéing to the {y)
direction. Algorithm (3.2) explains the computasoof the skew ray
tracing in the eye.

Algorithm (3.2): Theimplantation of skew ray tracing.

1. Determine the position of the object, and its dise@afrom the eye

2. Compute the incident angless, and y using trigonometry.

3. for all the rays distributed across the object geation, do the
following steps.

4. for each surface belong to the optical eye elemedts the
following steps.

5. Compute the position of the incident ray on thegam plane
using equations (2.3).

6. Compute the position of the same ray on the fudiase of the ith
optical element using equation (2.4).

7. Compute the new values for the direction cosinsiegiequations
(2.9).

8. If the surface is the last then stop.
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3.5 Defectsin Eye

The considered defects appear due to increasinig@easing the
EFL over or down the ideal value. This occurs whenoptical features
of the eye elements are not compatible with eablerpthis affects the
spot size as shown in figure (3.4-a) and make sdistertion the image
resolution. If the increasing or decreasing distaadded to the EFL is
assumed equal to a specific distane&f) as shown in figure (3.4-b), then
the spot radius (sizeék of the myopic eye is equal to the spot radius
(size) S of hyperopic eye, since the shaded triangle inrég3.4-b) are
equal, while the incident angles are differefi<@o<6).

|
- S I\l
Spot
________ "”j Hu H !g
1+
</ '
> I
I

> Spot

+af

Hyperopic eye

(a) Eye Design (b) Ray Trigonometry
Figure (3.4): The defects of the eye.
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Such that, one can employ the genetic generatistelsyto create an
optical design describing the myopic or hyperope, ¢his is achieved by
varying only the distination EFL to be greater @gd than the ideal value
by an amount ofAf). This way equivalent to create a defect in the ey
determined by the defect degred)( In order to correct the defected eye,
a thin convex lens it may be added when the defeelye is myopia or
concave when the defect of eye is hyperobia. tajzable to determine
the relationship between the defect degree with dinevature of the
correction lens. The attended EFL of defected syetermined first and
substituted (assumed d9§ in equation (2.16) to estimate of the
corrected lens at assumption ttias equal to the ideal value of EFL
belong to emmetropic eye. The distandgl{etween the correction lens
and the eye is set as the distance between theraanthe eye (112m
and the center of the correction lensr(@9 [Daw 89] i.e. 42nm The
resultedf: is then substituted in equation (2.15) to compli&ecurvature
of the corrected leng<0 for the thin lens). Algorithm (3.3) shows how

implement such correction:

Algorithm (3.3): Estimating theradii of curvature of the correction lens.

1. Compute theeFL, of the given emmetropic eye, let= EFL,.

2. Consider theerFL = EFL, (i.e. 16.63 for emmetropic eye).

3. Substitute botheFL and f, in equation (2.16) to gef,, when
d=42mm.

4. Substitute f, in equation (2.15) for a thin lens (axial thickse
t=0).

5. ComputeR, and R, of the correction lens using equation (2.18)

174

S
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3.6 Spot Size and Diagram Estimation

The spot image that constituted in the retina s ucollecting of
received rays from the pupil. Since there is narabhen exist in the eye
but only a diffraction, the spot diagram containgemtral bright spot
surrounded by a diffraction fringes that take acudar shape (due to
circular shape of pupil) with different radii ankdumination about the
central spot. The smallest ring closer to the dpet a recognizable
illumination, other rings are not visible due tosde illumination
distributed along them. The illumination decreaassgoing far away
from the center of spot.

The distribution of such spot diagram (image) isu&san

according to the equation (see appendix A).

f(x'y):zmj'a_ EX[{:—%{(X;’UX] +(y;:uy] ]] (36)

Where, 1, is the mean (expectation) value in the x-axis,is the mean

(expectation) value in the y-axis, is the variance of the values in the x-
axis, ando, is the variance of the values in the y-axis.

The spot shape is similar about the axsndy at view angle 9
but it became extended alorgy or both axis with varying, £, or both
respectively as presented in table (3-3). The amadinextension is

presented by, ,o,, or both, which is proportional to the deviatidrtie

anglesa, g from the zero. Such that, the relation betweersfitd size Z)

and the angles should be modeled as follows:
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Table (3.3): Spot size values as a functioa adnd g [Smi 00].

a (degreg S (degreg Zy (um)
0 0 5
0 60 200
60 0 200

By rearranging the terms of equation (3.6), ons:get

G=G,G, (3.7)
Where
G, = 1 ex{—l[ﬂj } (3.8)
2710, 2\ o,
and
1 _ YT H
G, = 20, exr{ 2(—03, H (3.9

The spot size (radius) of the 2-D image is showaqguation beloyyM oo
74]:
z=\(@30,) +@0,)? (3.10)

According to table (3-1), one can model the linedationship between

the standard deviation and its corresponding atwlee given as (see

appendix B):
o, =0.767a + 118 A3)
o,=07675+118 (3.12)

Algorithm (3.4) shows the steps of drawing the splaigram and

estimating the spot size.
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Algorithm (3.4): Spot size and spot diagram estimations.

1. Using the skew ray tracing, estimate the averadeevafa and g

for all the ray pass through the eyelens.

=

2. Compute the standard deviations and o, using equations (3.1

and 3.12).
3. Estimate the spot size (Z) using equation (3.10).
4. To show the spot diagram, follow the following step

a- Count the number of raysi() incident on the center of spot and
the total rays K, ).

b- Divide the spot image into 18000 sub regions.
c- From x=1 to 100and y=1 to 100, illuminate eadbsegion
with its corresponding color determined by themalized values

obtained from equation (3.7) multiplied by themalized

number of rays incident on the center of S%Qt
t

3.7 lllumination of Spot I mage

The variation of pupil determines only the quantif received
illumination, it doesn’t related to the amount bdimination (brightness)
that enter the eye. Thus, the high illuminatiop) (out the human body
make the surrounding object to be bright and |¢adseate a bright spot
on the retina with illumination is less thén) due to some factors related
to the absorption, dispersion,...etc. the illuminatman be represented
the spot k) by a linear fitting model as a function of outdyo
illumination (1,) as follows:

I, =al,+b (3.13)
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Wherea andb are the coefficients of the linear model, botlatedl to the
amount of the transmitted illumination toward tle¢ima. In general, one
can note figure (2.22) that describing the transmde of only the
effective optical element in the eye, to concludeattthe overall
transmittance in the eye is about 88% through #gion of visible
radiation (400-700m wavelength). Such that, the coefficiengsajndb)
of the assumed linear model that relate the imlgmination with the
object illumination are estimated to k= 0.88 andb = 0, so equation
(3.13) becomes:
|, =088, (3.14)

It should be mentioned that the consideration o&gen illumination
prepare to estimate the contrast of the image dogpto equation (2.25)
which in turn refers to the behavior of the MTF d@hd resolution of the

spot image.

3.8 The Effect of FOV on the Spot Radius

The FOV is the solid angle that describe the angalage of the
eye vision. According to the literatupelud 69], the angular range of the
eye vision extended along the horizontal plane f(e6f) to (+60), i.e.
120 in total. The horizontal extension of such rangeniore important
than the vertical or diagonal, since most of thgedis in nature are
positioning in horizontal distribution.

All the object exist in the FOV are visible to theye, the
differences between them are related to the imagditg. The objects
lying in the position of vision target (in front efe) are described as on-
axis, such objects are imaging with high resolutidfhereas the image
resolution decreases with increasing the distarm® the object to the

optical axis, which causes to enlarge the spot dimeto the asphericity
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of the eye that make the focus behind the retin@t small amount. For
this reason, the eye movement (with head moven®mBry necessary to
make enough resolved vision and proper spot (objsite. The
mathematical model that determine the variatiothefspot size with the
FOV depends basically on the amount of the asphefi€) of the eye,
which is (0.011) according to some literatuidsid 69].

The analytical study on the spot size behavior Asetion of the
deflection angle of the incident rays shows ther@ comatic aberration is
found due to asphericity characteristic of eye.uFeg(3.5) shows the
shape of the eye ball; the dashed is aspheric,hwkithe approximated
shape, while the solid is elliptic, in which thecentricity coefficient
(e=0.012Ein 09]) which is the closest shape can describe the eye.
According to these shapes, the spot size (Z=hdf6at ¢, and it
increases with increasing the angdg Of deflecting the rays constituting
the spot image. Thus, one can model the matherhaetationship
between the spot size and the anghg &s follows:

Z=27,+2, (3.15)
where, z, is the spot sizeat @ which is 5.13@im and z, is the spot size

at any angleg (0<6<60°) that is given as:
Z, = Af tan@ (3.16)
Af = f

¢ (3.17)

sphere - Ellips

Where Af is the difference between the effective focal langt the

spherical shaped eyé.(...) and the effective focal length of the elliptical

shaped eyef(,,,) that given as:

Faps = (XL = Xg)? + (Y, = Ye)? (3.18)
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where X, andy, are the coordinates of the eyelens cemterandy, are
the coordinates of the position that the ray ineid®En, which lies at the
elliptical circumference of the eye.

Figure (3.6) shows the elliptical shape of the atyerhicha andb
are the radii of such ellipse. It is shown the Gomint (a) equal to the
half horizontal dimension of the eye ball (i.e. &8nmn). the eccentricity
of such ellipse is given as:

vJa? -b?

a

e=

(3.19)

Then

b=+/a? -e?a? =11499304nm
Equations (3.15 and 3.19) represent the matherhdiasis needed to
estimate the spot size when the angle of defledtirgay inside the eye
Is given. Appendix C explains an example about hemg this model

and shows the spot size computations vessus

Figure (3.5): The elliptical shape of the eye.
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Z =Aftant

Figure (3.6): Geometrical analysis for the spoe €% versus deflection
angle @).

3.9 Object Distance Variation

The variation of the distance between the eye hadisual object
don’t affecting the imaging process. Since the atuxe of the lens will
be automatically varied to make auto focus whichceh the role of
object distance variation. As a result, the imagesttuted on the retina
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will be with the same resolution at different distas. This point out to
an important conclusion; all the optical elementted eye are given as
fixed through the designing stage except the egeldhe given
information of the eyelens are the averages afptecal features.

The mathematical model of the object distance edlab eyelens
curvature need first to classify the object disaraccording to the
variation of the view angled(:s may bea, g, ory). That means the
object distance become infinity when the ray innmkeangle §) is zero,
and the object become far or near according toeaisp amount of §).
Figure (3.7) shows the cornear{Bhdiameter) of the eye receives the rays

from an object lies on a distance of 500t (i.e. Gm).

5000 mm ™

Cormea

Figure (3.7): Rays incident on the cornea.

It is easy to determine the angle) @s follows:
5= tan(— ) = 0,0458
500(

By the same way, one can tabulate the data abrresponding to the

distance objects] as given in table (3-4) and shown in figure (2&ow.
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Table (3-4): Angle of incidenceé correspondence to the object distance.

s (m) o (degree
10 0.0229
5 0.0458
3 0.0763
1 0.229
0.7 0.327
0.5 0.458
0.3 0.763
0.1 2.290
5
— 15 -
b
“ 0.5
e 2 4 : : 10

S[f7 )

Figure (3.8): Angle of incidence versus objectahse.

Therefore, one can put forward the mathematicalehtm govern
the relationship between the as a function of the object distance to be
an exponential fitting as follows:

0=Ae™ (3.20)
where A and B are the exponential model coeffigethtat equal to
5.2666 and -0.4377 respectively as determined peragix (D). the
determinedo is equal at least one of the incidence angleg, or y.
This situation occurs only when the object is orsaand the angle

does not equal to zero (near object). This affdescomputations of the
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refraction angles of any skewed ray, which leaddfmcus the rays on the
retina and deflect the EFL from its intended value.

In order to correct this corrupt, a micro genetgoathm (MGA)
can be applied to redetermine the radii of cunegwf the eyelendR(
and R,) that make the attended EFL equals to its intendgdde (i.e.
16.63nm). MGA is an optimization stage hybrid in the grafh
optimization which uses only when the object isrrieahe eye. MGA is
same as GA steps except the stage of generatinguidem population.
In the random generation of the MGA, all the optiemtures are fixed
except the radii of curvatures of the eyelens amable in the range of
their restrictions. As a result, the output of M@Aan optimal design of
eye in which both radii of the curvature of the leps are varying to fit
the focusing process and make the attended EFégasred.

3.10 Human Eye Simulation

Computer simulation is often used as an adjuncitmeling
systems for which simple closed form analytic Solutare not possible,
or it is used to test the developed system befppdyang it practically,
which save the cost of the project. The simulatiechnique uses the
computer graphics to show the system design, aesl the physical laws
to describe the behavior of the adopted systen that, the simulation
technique create a virtual environment which isilsimto the actual one.
Also computer graphics can be used to display #sults of the
simulation. The mostly used powerful graphics ise tlwindows
Application Programming Interface (API), which engmass the
Graphics Device Interface (GDI) that prepare a# tirawing shapes
(function) available to programmer. Polygon funotics employed to
draw any regular/irregular shape, it consists ofsoconnected by lines.

Polygon can be colored, moved, resized, or eveetedlDaw 08]. The
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proposed optical design of human eye is regardesd graphical system
composed of multi-graphical elements; cornea, pigil, eyelens, and
retina. each one element is represented by anemndiemt Polygon with a
specific color, the shape of each Polygon is datexchaccording to the
optical featuresRy, Ry, D, d andt) of the specified optical element.

To show the performance of the simulated eye, tkewsray
tracing is considered, and also simulated by drgwstraight lines
representing the ray behavior outside and insidestte. The behavior of
the simulated rays is determined by the incidemfeafdirection of the
line) and the position of its start and end poiirisaddition, the object is
simulated too, it is represented by a small bal ttan be move in the
three dimensions. Through considering the ray tiggcone should see
band of rays emerging from the object toward tmeutated eye at each
time the object change its position.

Finally, it should be mentioned that the backgrowntbr of the
developed interface and the optical elements madaimt, whereas the
fore color of the rays or spot diagram are shinifftge reason behind that
Is to provide a comfortable watch for the user theds such interface for

a long time.

70



Chapter Four

RESULT ANALYSIS
AND
SIMULATION



Chapter Four Result Analysis and Simulation

Chapter Four
Result Analysis and Simulation

4.1 Introduction

This chapter includes a presentation about how ampht the
modeling problems of the eye discussed in the ptevichapter. The
presentation is associated with an explanatiosga@lto the behaviors of
all parameters contributed in the eye modelingy #kese behaviors are
analyzed and discussed in details.

In order to test the optimal eye design resultedhfthe GA, it was
programming by ZemaXxLai 06] to achieve the considered optical
functions. The resulted eye is then presented byaZeto estimate its
optical functions. The test is carried out by corma the attended
optical functions of the optimal eye design witle ghublished design of
Blacker [Lai 06] (design no. 5 mentioned in chapter one), the aptic
functions of interest were the effective focal l#ngEFL), spot size (2),
and the modulation transfer function (MTF), whiclne auseful in
evaluating the performance of the proposed de€ignthis basis, all the
considered situations of the eye design (such apiayhyperopia, object
distance, illumination, and FOV) were computed disgussed in details.

Later, a simulator software was established to kitauthe
considered situations of the real-life eye. The utator shows the
behaviors of the virtual eye using the computeplies tools that are

automatically led by the simulator all at the samme.

4.2 Proposed Genetic Eye Design

The proposed GA approach was implemented by visasic 6.0.
The address of such approach is to find out thenaptdesign of the
human eye that can describe the performance anginmaf real-life
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eye. Through out the implementation of GA, the nambf individual
chromosomeK;) is taken to be 100 at each generation. The number
generations@,) was 80 and probability of mutatioR) was 0.01. The
implemented software continues giving bighnerations unless finding
the optimal design (i.€=,=0). The first randomly generation includes 100
individual chromosomes, each optical feature isi@esl to be one gene
in the chromosome. If the gene is fixed, it takespeacific value from the
predefined information table, but when the geneddable it takes a
random value in the range of its variety. Becaume randomcity, eye
designs in the first generations were far away ftbm optimal design.
The results were improving consequentially eveneathg the terminate
condition. Table (4-1) shows the numerical optfeatures of the optimal
design shown in Figure (4.1) that resulted by tteppsed GA approach.
Figure (4.2) shows the behavior of improving theuites of both the spot
size and EFL through GA computations, the finalesaf them are given

in table (4-1) for the optimal genetic eye.

Table (4-1): The optical features of the optimadide resulted from GA.

Optical

element R; R, t d D Ny ny N,

Cornea| 6.489 7.657 | 0.561 | 3.420 | 8.224 | 1.000 | 1.376 | 1.333

Eyelens 7.682 | -5.001 | 2.513 | 16.635| 7.101 | 1.333 v 1.336

Retina | -11.693| -11.693| 0 - - - R _
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Shaded side wiew for the proposed genetic human eve optical system.

. Betia
Eyelens Witreons M

systemm.

Vitreous '\
Evilens Eetina

Schemnatic 2D side wiew for the proposed genetic human eye optical
systetm.

Fig (4.1): The resulted optimal eye design achigweGA approach.
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EFL({mm)
N
o

0 20 40 60 80 100
Gn

(a): EFL behavior.

Z(micon)
N
(6]

0 20 40 60 80 100
Gn

(b): Spot size behavior.
Figure (4.2):The improving states for the behawidboth (a) The EFL
and (b)Z.

74



Chapter Four Result Analysis and Simulation

4.3 Genetic Eye Evaluation

Ultimately, the effectiveness of the proposed appho is
deformined by comparing different chosen opticafgrenance measures
between the resulted optimum eye design and itéegestate. The
resulted optimal design is evaluated by testing pgsformance and
imaging with help of Zemax software. In order t@shthe optimal eye
design in Zemax, it is required to define some rimi@tion for Zemax,
related to optical and material properties of thie elements. Equations
(2.33 and 2.34) were used to define the relatiothefrefractive index to
the wavelength through the visible region, thedmaitance of the cornea
was defined by equation (2.36) and the transmigdoc other elements
are defined by equation (2.38) whereas equatioA0j2defines the
density for each optical element in the eye. Thawation includes two

tests; performance test and imaging test, botlecamrged out as follows:

4.3.1 Performance Test

The MTF can be use to test the performance of ahgal system.
MTF describes the amount of aberration and assmtid¢focusing in the
optical system. Figure (4.3) shows the MTF for t@imal design in
comparison with the perfect case achieved by Zertacan be noticed
that the MTF of the optimal design is very closdhe perfect, also it is
identifying the MTF of that estimated in (design Ban chapter one ). It
Is thought that the MTF of the optimal design doesachieve the perfect
for two reasonsFirst, because the fitting function of the refractivden
of the eyelens, which was linear fitting, such fime is infrequently
found in natureSecond, because the residual spherical aberration, which
does not affecting the quality of the vision sitas less than the spacing
between any two vision sensors in the retina. Seeast amount of

aberration appears in the MTF with no effect on\sgon quality. The
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behavior of the MTF shows high image contrast efdptimal eye since
the MTF approach to the perfect, thus it can banedgd the performance
of genetic eye is acceptable as that of the réakie.
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a- MTF of the optimal eye design comparing with peefect case.
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b- MTF of the design #5 comparing with the perfeade.
Figure (4.3): The MTF behavior.

4.3.2 Imaging Test
The test of the optimal design imaging dependshaensize and
diagram of the constituted spot by the rays fallorgthe retina. Least

spot size means less rays separation and sharpgmign which lead to
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higher resolution. Actually, the spot size of th@imal design invented
by applying GA approach was Zima=5.31Gum,  while
EFLopima—16.630nm These results ensure our interpretation reladed t
the two reasons mentioned in the performance lie$act, EFL is good
since it optimized to be reached the target valklegreas the spot size
was departing from the intended by a very smalu@abut it retained
acceptable value due to it is originally vary thgbu allowed
computational errors. Fig (4.4) demonstrates thet sijpagram of the
optimal design, which is same as the perfect cas#raction only
without aberration) both achieved by Zemax. Morepttee comparison
between the resulted spot diagram with that picture design no. 5
(chapter one) shows no noticeable difference iwéen.

a- Spot image of the optimal eye design.

b- Spot image of the design #5.
Figure (4.4): Spot image achieved by Zemax’an€lination.
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4.4 Human Eye Simulation

The simulation of human eye needs to build deditatdtware to
simulate the behavior and situations of human syeh software is called
simulator. The simulator plays the role of human eye, itsseand obey
to various vision conditions. Algorithms (3.1 - Bafte used to implement
the simulator. Other algorithms are used to crdaevarious conditions
that the simulator deals with. Figure (4.5) shows interface of the
simulator software, it is shown that the simulatontains a number of
tools that are designed to change the vision sitogstAlso, the simulator
can draw the proposed design or another genergtediesign by GA.
However, the simulator can stand for any eye desideels the received
skewed rays and then forms the retinal image.

It is observable that the traces of the skew rags raturally
behaves. The change of the object position leadshemge of the
behavior of the ray traces, and causes mostlydagdthe position of the
image on the retina. The density (amount) of thasmtered rays is

related to the amount of illuminating that out syeroundings.
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=1k B3
Spat Size = 5316 Micron

Vertical Cross-Section for Human Eye
EFL

Ilumination

v Fixed Pupil Diameter

[~ Bright Background

! Proposed Eye Design

" Re-Generale Eve Design

W Show Grid

& Human Eye Simulation

Figure (4.5): The interface of human eye simulator.
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4.5 Eye Defects Simulation

In order to create a myopic or hyperopic eye desidefected by
+1 degree, one can assume the EFL of the optima &y
decreased/increased bynth and let the MGA operating to yield the
defected designs. As a result, the myopic eye gemnerated to be as
shown in figure (4.6), the numerical optical featuof such design are
given in table (4-2). Also, the hyperopic eye atsdnumerical optical
features are shown in figure (4.7) and table (4vB)ereas table (4-4)
shows the resulted EFL and spot size for the pmrgasmmetropic

genetic eye, myopic eye, and hyperopic eye.

Table (4-2): The optical features of myopic eye.

Optical

element R; R, t d D Ny Ny N,

Cornea| 6.617 | 7.628 |0.637 | 3.230 | 8.109 | 1.000 | 1.376 | 1.333

Eyelens 7.690 | -5.350 | 2.53Q 16.644| 7.680 | 1.333 v 1.336

Retina | -11.693| -11.693| 0 - - - - -

Cormea
N

Aqueons
L Vitreuos \

Retina

Eyelens
Figure (4.6): The myopic eye of optimal design.
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Table (4-3): The optical features of hyperopic eye.

Optical
element R; R» d D N n, n,
Cornea| 6.393 7.715 0.5713.517| 8.269 | 1.000 | 1.376 | 1.333
Eyelens 7.682 | -5.020 | 2.55Q 16.539| 7.207 | 1.333 v 1.336
Retina | -11.693| -11.693 - - - - -

Cormmnea

Aqueous Vitreous V\Dbject

Evelens \
Retina

Table (4-4): the spot and the effective focal lérfgt three cases.

Figure (4.7): The hyperopic eye of optimal design.

Eye Z(um EFL (mm)

Emmetropic 5.316 16.63
Myopic 8.23 15.63
Hyperopic 8.23 17.63

Figures (4.8a and 4.9a) shows the simulator whadmitating the

considered myopic and hyperopic eyes, which makesfdacus of rays

before or across the retina position by jusind To correct the defected

eye, the computer program (corrector) associatet wWie simulator

suggests existing a correction lens of optical uieet which are

determined according to the adopted correction otetkigures (4.8-b

and 4.9-b) present how the correction lens wasdatiméhe defected eye

which make the rays focusing better than that abpnyor hyperopic eye

81




Chapter Four Result Analysis and Simulation

shown in figures (4.8b and 4.9b). The radii of @iawve both surfaces of

the correction lens are printed down it.
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Vertical Cross-Section for Human Epe.
EFL = 11.63 mm
Spot Size = 9.47 Micronl

" Hyperepic Eye

' Defected Eye by ['Jegreel 5
&~ Myopic Eye

" Add Correction Lens

Illumination

M Fixed Pupil Diameter

" Bright Background

&~ Proposed Eye Design

" Re-Generate Eye Design

¥ Show Gnd

& Human Eye Simulation

Figure (4.8-a): simulated myopic eye.
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Figure (4.8-b): Correction of myopic eye.

84



Chapter Four Result Analysis and Simulation

Wertical Cross-5ection for Human Eve
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Figure (4.9-a): Simulated hyperopic eye.
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Figure (4.9-b): Correction of hyperopic eye.
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4.6 Spot Simulation

The problem of simulating the spot formation andtspgize
estimation are adopted in the simulator design. giteposed model of
image formation made its size dynamic and depemdshe incident
angles of the rays, whereas the out eye illuminagoverns the auto-
behavior of the pupil and the color intensity o¢ tietinal image. Figure
(4.10) shows the behavior of the simulator whese#s a distant object.
The retinal image seen by the simulator is drawthensquare down left
the simulated eye, such image is constituted frattecting the rays
incident on a retinal area in which the opticakgxath through its center.

The estimated spot size was printed under theemBige amount
of illumination was set by a specific control taallled "lllumination”. It
IS noticeable that the central spot is disappedhesljs due to a physical
reason related to the amount of the phase differ¢h80) between the
incident and reflected rays at the center of visareen. This leads to
reverse the color of the central spot to becomekiiather than white.

Also, it is shown that the spot image is greatlyikir to that
extracted by Zemax shown in figure (4.4), this easthe successful
implementation of the skew ray tracing since ithe process that guide
the rays toward the retina, and then these rayerapmoyed to form the

spot image.
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Wertical Cross-5ection for Human Eye.
EFL = 16:63 mm
Spat Size = 5.316 Micron
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Figure (4.10): The simulator interface shows that si|mgram and spot

size results.
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4.7 Simulated Spot versus Incident Angles

It is noticeable that the variation of incident asgof skew rays is
greatly affect the shape and size of the spot. rBigd.11) shows a
schematic picture given by Zemax to presents thiguwdrays incident on

the retina.

Figure (4.11): Different rays incident on the eyelifferent angles.

The simulator could imitate the situation of obkgrays as shown
in figure (4.12). It is seen that the spot imagHess of an extension, the
type of spot extension may be longitudinal or tvanse according to the

values of the angleg and 3. Also, the amount of the spot extension is
related to the difference between the anglesand g. Figure (4.13)
presents an oblique rays incident on the eye wibexific y angle @
and B are set to be zeros), which causes to make aakextension in

the spot diagram depending on the valug of
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Figure (4.12): The situation of oblique rays.
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EFL = 1B:63 mrm
Spat Size = 143.847 Micr
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Figure (4.13): The relation between the extengioiné spot diagram

with angle.
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In addition, the deflection of incidence angle énd g) values from the
zero leads to a monotonic increasing in the spat. Siable (4-5) shows
the variation of the spot size as a result to @@ation of y, this behavior
Is pictured in figure (4.14), the spot image showngigure (4.15 and
4.16). In spite of the spot size increases expaantwith y , the

magnification that occurs in the spot size is sfall and neglectable
since it come from abnormal state at which a camaberration is
generated. The 2-D magnification due to coma abemaaffects the
image resolution, such that the spot separatedgatoare expanded

region, which lead to make the image seems to Unedal.

Table (4-5): show the spot radius as a functioangfie using Zemax.

Angle Spot Radius
(degreg (Hm
0 5.341
+5 12.69
+10 17.10
+15 24.15
120 36.4
125 50.6
+30 67.44
+35 86.69
+40 108.08
+45 131.78
+50 156.57
+55 183.055
+60 210.22
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Spot Radius (Micrometer)
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Figure (4.14): Spot radius versus incident angle.

y = £10° y =£20° y =+£30°
y =+40° y = +50° y = 60°

Figure (4.15): The simulated spot image versuslam angle by

simulation.
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y=+10° y =+20°

y = +40° y =+50° y = +60°

Figure (4.16): The spot diagram versus incidenteagiyen by Zemax

4.8 Simulated Spot versus Object Distance

To simulate the imaging process of near or faradbjhe distance
between the simulated eye and the object in thalation interface is set
to be 1@ndivided in terms of logarithmic scale as showiffigare (4.17).
By considering several images for different objetistances ), it is
found that the spot diagram and spot size remaahé&aey were in all the
considered cases. In correspondence, the radiirgature of the eyelens
were varying at each case to fit the eye desigh thekes the spot
diagram and spot size as intended. Figure (4.18yshhe simulated spot
diagram and size for six cases at which the olgestance was varied.
Whereas figure (4.19 and 4.20) refered to the amafirR, and R,

variation of the eyelens for the same considersase
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Figure (4.17): The object distance is logarithniicatalled.
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s =10m
Z=5.31am Z=5.31um Z =5.336m

s=1n s =0 s=0.26
Z=5.31Am Z =5.31um Z=5.316um
Figure (4.18): The spot diagram and size for défiferobject distance.
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Figure (4.19): The variation in,Rf the eyelens with respect to its value
at reading distance (0.2% due to the object distance variation in the six
considered cases.

96



Chapter Four Result Analysis and Simulation

0.8 -
0.6 1
0.4 1

AR ()

0.2 4

I:I T T T T T T 1

| 1 2 3 4 W B 7
0.2 -

0.4 4

No. Cases

Figure (4.20): The variation in,Rf the eyelens with respect to its value
at reading distance (0.2% due to the object distance variation in the six

considered cases.

Moreover, the EFL was found equal to its intendedu® at each
considered case, which point out to an acceptatdging process carried
out at each with a satisfied image resolution. Tim@#ans the image
resolution dons not vary with the object distanaeation, which refers

to successful simulator behaviors in such cases.
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Chapter Five
Conclusion and Future Work

5.1 Conclusion

From the investigations one may draw the following conclusions:

1. The GA was a successful tool that can be achieve an optimal
design for the human eye.

2. The choice of the EFL and spot size as two fithess functions
congtituting the objective function were satisfied since the GA
based designing always gave an acceptable solution through short
time.

3. The optimal eye design can approachly reach the intended values
of the objective functions through few times of iteration.

4. The proposed optimal eye design has the ability to describe the
performance and imaging of the real-life human eye.

5. The human eye simulator successed in imitating the eye activities
such as; skew ray tracing, spot imaging, and the interaction with
the effects of vision simulations.

6. The process of creating a myopic or hyperopic eye is closer to the
real situation, but the correction method that based on predefined
optical features for the eye is unapplicable and far away from the
reality.

7. The estimation of spot diagram and spot size gave aresults that are
similar to that extracted by Zemax, and identical to that expected
from the theoretical basis.

8. The relation between the spot and the angles of incidence makes
the spot diagram vary to be vertically or horizontally extended by
an amount proportional to the difference between the considered

angles.
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9. The variation of the object distance affects only the resolution of
the image because it also vary the incidence angles that lead to an
effective defocusing. The use of MGA to optimize the eyelens
made better focusing and higher resolution.

10. In general, the simulator could imitate the behaviors of the human
eye in different vision situations related to the illumination,
incidence angles, and object distance. This ensure the correct path

of the modeling and computations.

5.2 Future Work
The following topics may be suggested for future work in the field
of the present investigation.

1. One can use another more accurate optimization method such as
Ant Colony Optimization (ACO) instead of GA to achieve the
optimal human eye design.

2. One can consider the general state of eye situations and defects,
and then build a dedicated software to simulate the eye activities
and appear the eventsin 3-D graphical show.

101



References

Alpern M. (1978)
"The eyes and vision"
Handbook of Optics

Artal P., Benito A. and Tabernero(2006)
"The human eye is an example of robust opticalgiési
Journal of Vision31: 224-226.

Bass M.(1995)
"Handbook of Optics"
McGraw-Hill, Inc, 1, p360.

Bergman J. and Calkins (2009)
"Why the Inverted Human Retina is a Superior Design
Creation Research Society Quartedi; 85-87.

Boutry G. A.(1961)
"Instrumental Optics"
Bell and Bain, LTD], p175.

Breault Research Organizati(2008)

"Using the Advanced Human Eye Model (AHEM)"
ASAP Technical Publicatig: 1-5.

100

[Alp 78]

[Art 06]

[Bas 95]

[Ber 09]

[Bou 61]

[Bre 08]



Carvalho L. A.(2003) [Car 03]
"A Simple mathematical model for simulation of theman opticakystem
based on in vivo corneal data"

SBEB - Sociedade Brasileira de Engenharia Bion&&dBSN35: 115.

Carvalho L. A., Castro J. C., Schor P. and Chamo(2007) [Car 07]
"A software simulation of human-schack patternsréal corneas”
Institute de Fisica de S&o Carlos (IFSC — USP),Z8r20: 93-95.

Dawson E. and Clark A2008) [Daw 0§]
"Discrete Optimization: A Powerful Tool For Cryptgsis”

Information Security Research Center, Queenslandivadsity of
Technology?2: 36-50.

de Almeida M. S. and Carvalho L. £007) [DeA 07]
"Different schematic eyes and their accuracy to thevivo eye: A
guantitative comparison study"

Brazilian Journal of Physics87(2): 213-216.

Donnelly W. J. and Roorda A2003) [Don 03]
"Optical pupil size in the human eye for axial leson"
Optical Society of Americ&0(11): 227-233.

Donnelly W. J(2008) [Don 0§]
"The advanced human eye model (AHEM): A personalotilar eye
modeling system inclusive of refraction, diffractjand scatter"

Journal of Refractive Surger$9: 217-218.

101



Dubinin A., Cherezova T., Belyakov A, & Kudryashay(2008) [Dub 08]
"Human retina imaging: widening of high resolutiamea"
Journal of Modern OpticH5(4): 671-681.

Einighammer J., Oltrup T., Bende T, and Jea(2B09) [Ein 09]
"The individual virtual eye: a computer model falvanced intraoculatens
calculation”

Journal Optima2(2): 30-35.

Fundamental Optic&004) [Fun 04]

http://www.mellesgriot.com

Hampson K.M(2008) [Ham 08]
"Adaptive Optics and Vision"
Journal of Modern Optic$5(21): 25-31.

Hudson, R. D(1969) [Hud 69]
"Infrared system engineering"
John Wiley & Sons, United States of Amertda, 137-140.

Jenkins F.A and White H.E1981) [Jen 81]
"Fundamentals of Optics"
McGraw-Hill Book Company, USA4, p81.

Kerr D. A. (2004) [Ker 04]
"The Eye and its Limitations"
Physics for the life sciencg): 54-62.

102



Kimball J. W.(2009) [Kim 09]
"The human eye"

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/VV/Vision.html

Laikin M. (2006) [Lai 06]
"LENS DESIGN % edition”
Taylor & Francis Group, LLC], p442.

Mood A. M., Graybill F. A. and Boess D. (1974) [Moo 74]
"Introduction to the theory of statistical”
McGraw-Hill, London, p205.

Navarro R.(2009) [Nav 09]
"The optical design of the human eye: a criticalewe"
Journal Optom2(1): 17-23.

Pedrotti L. S. and Pedrotti F. (1998) [Ped 98]
"Optics and Vision"
Optical society of America

Pedrotti F.A. and Pedrotti L.$£1988) [Per 88]
“Introduction to Optics"
Practice-Hall International, Inc, USA, p554.

Roorda A.(2009) [Roo 09]
"Human visual system- image formation”

University of Houston College of Optometry HoustbN, 15: 56-60.

103



Saers F.W(1964) [Sae 64]
"Optics"
Addison — Wesley Publishing Company, Inc., UKp132.

Sakamoto J. A., Harrison H. B. and Alexander V(ZB08) [Sak 08]
"Inverse optical Design of the human eye usinglilk®d method & wave
front sensing"

Optics Expressi6(1): 304-306.

Sanders D. R. and Koch D. [1993) [San 93]
"An atlas of corneal topography"

Journal of Modern Optics

Schanzlin D. J. and Robin J. @992) [Sch 92]
"Corneal topography: measuriagd modifying the cornea”
Journal of Refractive Surgery

Scott R. M.(1959) [Sco 59]
"Optics for infrared system "
IRE, 1, p(1956-1960).

Shannon R. R(1997) [Sha 97]

"The art and science of optical design"

Cambridge University Press, United States of Anaetjqp58.

104



Smith W. J(1966)
"Modern Optical Engineering"
McGraw-Hill Book Company, USAL: 247.

Smith W. J,(2008)
"Modern Optical Engineering"
McGraw-Hill, United States of Americ&; 338.

Stellpflug C.(2009)

"Basic Eye Development and Associated Problems”

Tocci M. D.(2007)
"How to Model the Human Eye in ZEMAX"
Contrast optical design & Engineering, INCl: 49-54.

Tunnacliffe A. H.(1989)
"Introduction to Visual Optics"
Optics Express.

Von Helmholtz H.(2000)
"Helmholtz’s treatise on physiological optics"
Optical society of America

Welford W. T.(1974)

"Aberrations of the Symmetrical Optical System"
Academic Press§1(2): 51-52.

105

[Smi 66]

[Smi 08]

[Ste 09]

[Toc 07]

[Tun 89]

[Von 0Q]

[Wel 74]



Williams C. S. and Becklund, O. £1972) [Wil 72]
"Optics"
John Wiley & Sons, United States of Americgp(150-151).

Williams C. S. and Becklund, O. A1989) [Wil 89]
"Introduction to optical transfer function”
John Wiley & Sons, Canad3, p162.

Zajac H.(1974) [Zaj 74]

"Optics"
Addison-Wesley, INC], p459.

106



Appendix A

The Gaussian distribution of any natural phenontakeas a bell shape
distributed along x-y plane, such shape be suitabldescribe most of the
natural behaviors that is done by changing the nieaor the variances*)
to fit the intended behavior. The general formdlthe Gaussian distribution

in 2-D space is given g oo 74]:

f(xy)= 1 ex -1 > [x—,uxj —ZP(X_'UXJ[y_’UyJ{y_ﬂyj
2, 0,1~ p° 20-p g, Iy gy gy

(A.1)
where, 4, is the mean (expectation) value in the x-axis.
4, is the mean (expectation) value in the y-axis.

1 =E(t)= j tf (t)dt (A.2)

o’ is the mean variance of the values in the x-axis
o, is the mean variance of the values in the y-axis
o? = E(t?) - u?
o is the correlation coefficient between the attehdalues in the x and y
axis (o <1).
In the natural case, where the distriutiis smooth without
irregularities, the correlation coefficient beconzeso (o =0), and equation

(A.1) becomes:

gl 0]

Which is the popular formula of the Gaussian disition that almost used

to fit the behavior of the natural phenomena.
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Appendix B

Lety isa org, ando is o, oro,, then:
og=ay+b
Using table (3-1), one can set the following two&tpns
1.18=a((0)+b (B.1)
46.2=a(60)+b (B.2)
Where the values of are driven from equation (3.10), by solving equiadi

(1 and 2) for a and b, one gets

a=0.767
b=1.18
thus,

o=0767 +118
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Appendix C

at 6=60°
a = 11.5nm(half the horizontal dimension of eye ball)
e = 0.011 (eccentricity of eye ball)

b=+a’ -e’a’ =,/(15)° - (0.019)% 115)° =11.499304m
X =acos60=11.5c0s60= 575

Y. =bsin60=11.499304in60= 9.958397

X, =7.279

Y, =0

Fepse = V(XL = Xg)? +(Y, = Yg)?

=/(-7.279- 575)% + (0-9.958397 =/26892916=16.39906nM

Af =1 e Teipse =1663-16.39906= 0.23094nm= 230941m
Z, = Af sin60=23094sin60 = 200um
Z, =51um

Z=2,+Z,=51+200=2051um
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Appendix D

0 = Aexp(-Bs) (D.1)
To fined the values of the coefficients A and Beaan use the? fitting
method for the data of table (3.3) as follows:
0 = Aexp(Bs) (D.1)
Ind =In(AexpB9))

Ind=In A-Bs
Ind=c-Bs (D.2)
Where
c=InA (D.3)
x=Y (3-3) (D.4)
i=1

Where ¢, is the theoretical values @&f and Ji'are the experimental ones,

and n is the number of data samples. Substitutateou(D.2) in equation
(D.4), one gets:

x? =Zn: (Ind, —c+Bs)?

i=1

2
To achieve the value of the coefficients ¢ and Bakm%:o and

ai:o
3B
2 n
%:Z 2(Ind -c+Bs)(-1) =0
i=1

—Zzn: (Ind, -c+Bs)=o0

i=1

n n

cY 1+BY s =
=1

n
i i=1 i=1

Ind,
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n

nc+ Bi s=Y, Ing (D.5)

i=1

x> &

B 2(Ing, -c+Bs)(-s)=0
czl S +BZH: s,zzi SIng (D.6)

One can solve the two equations (D.5 and D.6) tdlgecoefficients ¢ and
B.

INg> s-> sihg s
C= i=1 in:]. i:ln i=1 (D.?)
ny s" - s)’
i=1 i=1
Ny sing -> s> Ing
B=_i% =L =l (D.8)

nZ sz-(i s)’

By substituting the data of both and s found in table (3.3) in equations
(D.7 and D.8), one can obtain:

c=1.5808

B=1.1427

A=¢° =4.8588
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